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SUMMARY

The objectives of this three-year Balanced Technology Initiative program were to identify
the material propertics that govern the resistance of ceramics to penetration, develop tests for
measuring these properties, and apply the tests to evaluate several ceramics that are candidates
for armor application. This information is needed to design armor siruciures that can protect
against advanced penetrators.

To identify the material properties goveming penetration resistance, we needed to
understand how ceramics resist penetration and how they fail. We sought this information by
examining ceramic armor targets that had been penetrated or partially penetrated and reached the
following conclusions:

» Penetration of a confined ceramic block by an impacting long rod projectile

occurs by the comminution of a zone of the ceramic at the leading edge of the
projectile and the flow of the fine fragments out of the projectile path. (We

named this zone the Mescall zone in recognition of John Mescall, who
postulated its existence based on his hydrocode calculations in the 1980s.)

» The material properties governing the penetration resistance of a confined
ceramic block include the dynamic compressive strength, the comminution and
granular flow resistance under high rate and high pressure conditions, and the
abrasiveness of the ceramic fragments.

To develop tests for measuring these propertics, we sought ways to produce conditions of
stress, strain, and strain rate representative of those produced during penetration. By performing
hydrocode calculations of simulated peneiration scenarios, we found that stresses of several tens
of kilobars and strain rates of 105/s were typical. We then analyzed several types of tests that
produce appropriate conditions to determine their suitability for providing the granulation and
flow properties of candidate armor ceramics. We chose three tests as most promising: (1) high
strain-raie pressure/shear plate impact, (2) symmetric pressure/shear plate impact, and (3)
explosively loaded contained rod impact.

We performed the high strain-rate pressure/shear (HSRP/S) plate impact test by 1 For
impacting a thin specimen plate against a hard anvil plate inclined at an angle. This thin &I s
specimen plate was backed up by a thick, hard flyer plate, which created a state of high pressure g
and high shear strain rate in the specimen. The flyer and anvil plates were designed to remain ion
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elastic while the specimen deformed. During the early stages of the test, before release waves
reach the center of the plate from the periphcry, stress compaonents in the specimen were inferred
from the projectile velocity and particle velocities at the rear surface of the anvil. Thus,
measuring particie velocity history at the rear surface allowed us to construct a shecar stress-shear
strain curve, The HSRP/S test was adapted to test aluminum nitride by substituting boron
carbide for the usual steel flyers and anvils. The transverse particle velocity at the rear surface of
the anvil was monitorcd by using a transverse displacement interferometer, which uses the
interference of light beams of different Doppler-shifted frequencies to indicate the transverse
velocity.

The HSRP/S test could not be used for specimens of the very strongest ceramics, such as
SiC, B4C, and TiB3, because even stronger materials such as diamond or cubic boron nitride are
required for the flyers and anvil plales. The second test method, the symmetri- pressure/shear
(SP/S) test, circumvented this requirement by impacting a ceramic anvil in a pressure/shear
configuration with a flyer composed entirely of the same ceramic. In this test the impact velocity
and angle and the histories of normal and transverse particle velocity at the target rear surface
were measured. These histories were compared with those from a numecrical simulation using a
postulated material model, which was iteratively modified until the experiment and the
simulation agrec. If the maich is good, the moxiel is at least valid for the test conditions, ‘The
SP/S test is not so easy to analyze as the HSRP/S test and provides the shear stress-strain curve
only indirectly, but it nevertheless allows very strong ceramics to be evaluated under conditions
of high confining pressure and strain rate representative of armor penetration.

The SP/S test was applied to aluminum nitride, boron carbide, aud Coors AD-85 and AD-
995 aluminas. In our adaptation of the test, the transversc rear-surface particle velocity of the
target plates was measured by using a laser-Doppler velocimeter (LDV) rather than a transverse
displacement interferomcter, To our knowledge, this is the first application of LDV in shock
physics experiments. The LDV has the advantage of not requiring a diffraction grating on the
rear surface of the target; a diffraction grating is difficult and expensive to etch onto ceramic, but
it is required (and must survive shock loading) when using the traverse displacement
interfcrometer.

We tried several rod impact configurations in an attemnpt 10 develop a test simpler than
the pressure/shear tests. Ceramic rods were surrounded by metal or plastic containinent and
impacted axially with explosively driven flyer plates. The confinement successfully elevated the
mean stress in the deforming ceramic. Unfortunately, we were unsuccessful in recovering the
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rods or containment to measure posticst dcformation. Although some contained-rod impact
configuration could be made to work, we did not pursue this problem furthcr.

Both types of pressure/shear experiments revealed a wide range of mechanical response
among the ceramics tested. The transverse velocity for AIN ncarlv reached the elastic level,
wh =as the velocity for B4C was only 35% of the elastic level. For AIN and B4C, velocities
decayed with time; for AD-85 and AD-995 Al20;, velocities increased with time. The former
behavior is characteristic of faster decay waves overtaking the initial shear wave from behind,
whereas the latter behavior is characteristic of slower following waves. The different ceramics
seem 10 have different mechanisms for failure and postfailure flow, and these mechanisms
operate at different threshold loads.

Two one-dimensional computational models were developed to infer strength behavior
from the symmetric pressure/shear particlc velocity records. One model is based on a continuum
Mohr-Coulomb description of the flow of granulated ceramic, and the other is based on frictional
sliding of blocks. With the exception of AIN tested in SP/S, the shear strengths inferred from the
pressure/shear tests were lower than the strengths repornied by others. We think the reason is that
we have essentially measured the responsc of comminuted ceramic, which may be appropriate
for evaluating materials for armor applications. The longitudinal wave, which is strong enough
to cause damage even in compression, runs ahead of the shear wave. The shear wave, which we
measured, is always running through damaged material.

The Mohr-Coulomb simulations reproduced the transverse velocity histories at least
qualitatively and, in the cases of AIN tested in HSRP/S and AD-85 and AD-995 Al;O3 tested in
SP/S, quantitatively. The simulations were able to predict thc SP/S response of AD-995 fromthe
SP/S response of AD-85, but were unable to predict the SP/S response of AIN from the HSRP/S
results. We concluded that the results of the computations are valid at least {perhaps only) for
the conditions of a given test. Further work is needed to refine these models.

We established at the outset that any tests for measuring the ballistic behavior of armor
ceramics must measure their behavior under penetration conditions. Both the HSRP/S and SP/S
tests have met this requirement, because mean stresses and strain rates characteristic of the
Mescall zone were achieved in both. Thus we conclude that pressure/shear tests in these two
configurations with rear surface laser diagnostics and with appropriate constitutive analysis are
suitable for mcasuring the high pressure, high strain rate comminution and granular flow

properties of armor ceramics.




Future work should focus on resolving certain measurement issues in the tests and
refining the simulation models. Further work is also needed to design a simple, inexpensive test
for examining ceramics under penetration conditions. Although the pressure/shear tests
described here were successful, they require a sophisticated gas gun facility with accompanying
interferometers and high-speed recording equipmrent. We recommend that the search for a
simpler test begin with investigation of the cylindrical cavity expansion test. A simpler static test
may be possible, if a large enough mean siress can be applied, but a dynamic test may be
necessary to produce such a large mean stress.
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Chapter 1
INTRODUCTION

Armors that incorporate ceramics are known to provide higher resistance to penetrators
than metallic armors. However, designing armor packages having optimal performance is
difficult because the reasons for the enhanced ballistic protection are only partly understood. To
attain the information necessary to design superior amor, new tests are needed that measure the
ceramic properties that govern penetration resistance. Simple ballistic tests can only rank the
various ceramics and armor configurations; they do not provide the information necessary to
guide the development of ceramic microstructures or armor geometries,

OBJECTIVES

The objectives of this project were to identify the material properties that govern the
resistance of ceramics to penetration, develop tests for measuring these properties, and apply the
tests to evaluate several candidate ceramics.

APPROACH

As the first step, we sought to understand the phenomenology of failure under ballistic
penetration conditions. After reviewing the classified and unclassified literature to assess the
current knowledge, we obtained penetrated and partially penetrated ceramic armor targets (in
conjunction with a related, parallel project!) and sectioned and examined them to determine the
mechanisms of penetration, We then performed hydrocode calculations of ceramic armor
penetration to determine the conditions of stress, strain, and strain rate produced during
penetration. These calcuiations were necessarily qualitative because accurate material models, a
goal to be attained at the end of the project, were unavailable,

Once the mechanisms and conditions of failure and postfailure flow were determined, we
began to consider test techniques that could invoke the salient material failure mechanisms under
representative 1oad conditions in well-controlied ways, We further considered diagnostic
techniques that could measure the governing stress, strain, and strain rate varnablcs. Given the
high deformation rates involved in penetration, our attention naturaily focused on impact and




explosive loading tests. We analyzed several candidate tests, including normal and slanted plate
impact, rod impact, and cylindrical cavity expansion.

We chose three candidate tests as the most promising: (1) high strain-rate pressure/shear
plate impact, (2) symmetric pressure/shear plate impact, and (3) explosively loaded contained rod
impact. We implemented each test and, from the results, decided whether to pursue ecach
technique further, We had the most success with the pressure/shear tests and so applied most of
our developmental effort to them.

In Chapter 2, we present a qualitative and quantitative picture of the conditions ahead of
an advancing penetrator. In Chapter 3, we describe the high strain-rate and symmetric
pressure/shear techniques and the analyses used to extract the data. Next, we present the results
of tests on aluminum nitride (AIN), two grades of alumina (Al203), and boron carbide (B4C),
followed by a comparison of these results with those obtained by others using different testing
techniques and with results obtained for silicon carbide (SiC). 1n Chapter 4, we describe the
other candidate tests considered and present simple analyses of them. We also describe a bricf
investigation we undertook on penetrator erosion phenemenology. Conclusions and

recommendations are presented in Chapter 5. The Appendix contains copies of papers we
published on this project, along with a list of presentations.




Chapter 2
PENETRATION PHENOMENOLOGY

QUALITATIVE PENETRATION CONDITIONS

When an approaching penetrator initially contacts a block of ceramic, a dynamic Hertzian
contact stress wave field is generated. The material's ability to resist this initial part of the attack
is therefore governed by its dynamic hardness.2 If the penetrator can apply more stress than the
strength associated with the dynamic hardness of the target, it will advance into the ceramic.
Further advance requires that the ceramic be moved out of the penetrator path. In metal armor,
most of this movement is accommodated by dislocation plasticity, but in ceramics, although the
initial movement may be accompanied by dislocation plasticity,3 too few slip systems are
available for sustained plasticity. Therefore, the large deformations required to move material
out of the penetrator path are accommodated by the sliding and flow of microscopic fragments.2
Thus, the material's ability to resist granulation is an important material propernty, as is its ability
to resist granular flow,

For continued penetration through a thick, well-confined block of ceramic, the material
ahead of the penctrator must be moved laterally, then opposite the direction of attack. In steady-
state penetration, the fine ceramic fragments produced in the "Mescall" zone at the tip of the
penetrator*6 (Figure 1) flow out of the penetrator's path. To an observer traveling with the
interface berween the penetrator and the ceramic (which may not be a sharp boundary), a stream
of comminuted ceramic appears to approach, then divide and bypass the observer's position.
Likewise, penetrator material appears to approach from behind, divide, and reverse direction as
the penetrator 15 eroded. The deformation of penetration is expected to occur under conditions of
high mean stress and high strain rates. Any tests for measuring the failure criteria of ceramic
under ballistic penetration must exercise the material under such conditions. In this work, we
concentrated on the material properties that govem the steady-state phase of penetration, namely,
granulation and granular flow properties.




Impact Surface
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Figure 1. Cracking pattern in ceramic targets during the steady-state phase of
the penelration process.




QUANTITATIVE PENETRATION CONDITIONS

To fail and deform well-confined ceramic requires that a stress on the order of that
required for yielding in uniaxial strain compression [i.c., the Hugoniot elastic limit (HEL)] be
exceeded. To obtain a quantitative estimate of the conditions ahead of a penetrator, we used the
model of Curran et al. for the motion of granular beds* in Cooper's two-dimensional Lagrangian
hydrocode? and simulated the penetration of a 1.6-km/s tungsten rod into a block of aluminum
nitride. The resulting contour plots of mean stress and effective strain rate are shown in Figure 2,
Essentially, a material element ahead of a penetrator is deformed at a strain rate greater than
105 5-! while under a mean stress of order of the HEL, 9 GPa#8 in this case. The results in
Figure 2 are not sgongly dependent on the details of the tungsten and ceramic material models.

The deails of the loading path for a material element are complex, and complex loading
paths induce complex responses, such as anisotropy, in the ceramic. In this work, the effects of
complex loading paths are considered secondary. We attempted to develop tests that could
duplicate simply the mean strcss, strain rate, and strain conditions of penetration.
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Chapter 3
PRESSURE/SHEAR TESTS

Two types of pressure/shear tests were conducted:  high-strain-rate pressure/shear
(HSRP/S) tests and symmetric pressure/shear (SP/S) tests. The HSRP/S experiments were
performed on AIN, and the SP/S experiments were performed on AIN, two grades of Al203, and
B4C. The experimental results were compared with those obtained for SiC, with results obtained
by other workers, and with ballistic performance.

GENERAL EXPERIMENTAL SETUP

The plate impact experiments were performed at SRI's Z%inch-borc gas gun facility
(Figure 3). This gun is capable of launching 230-g projectiles to I km/s. 1t has two breech
mechanisms: a wraparound type for lower velocities and a rapid-opening-valve type for high
velocities. The breech mechanisms are described by Erlich? in a publication included in the
Appendix. A key on the side of the projectile engages a slot broached in the gun barre! and
prevents the projectile from rotating, thus allowing oblique/parallel impact experiments to be
perforined. The velocity of the projectile is measured just before impact by recording the contact
times of four wires placed in its path. A flyer plate in the form of a disk is carried on the nose of
the projectile. A target or anvil plate, also a disk, is situated in an evacuated tank at the gun's
muzzle. The tank and barrel are evacuated to below 100 mTorr to prevent the compression of a
gas column ahead of the projectile, which would disturb the anvil and lubricate the impact
interface. The HSRP/S projectile and the target assemblies are shown in Figure 4.

In the experiments reported here, the diameters and thicknesses of the impacting ceramic
plates were chosen so that the first unloading wave to arrive at the center was from the anvil rear
surface. The release waves from the periphery arrived slightly later and that from the flyer free
surface still Iater. The flyer, anvil, and (in the case of HSRP/S) specimen plates were made
flatter than (.6 pm over a 40-mm diameter to ensure wave planarity.
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Four pairs of electrical contact pins were located near the edge of the anvil at the 3, 6, 9,
and 12 o'clock positions (Figure 4). Single gold contact pins were evaporated onto the anvil;
pairs of contact pins were evaporated onto the specimen or flyer impact face, aligned so that they
would short across the paired pins and pads on the anvil at impact. The times of electrical
contact indicated the "tilt" or deviation from simultaneity (lack of parallelism) of the impact
across the face of the target plate. When the anvil was placed in the gun target chamber, it was
aligned parallel to the face of the projectile within 0.08 mrad, by using either a newly developed
interferometric technique 10 or the optical technique of Kumar and Clifton,11

Signals from the projectile velocity contact pins, the tilt pins, and the interferometer
photodetector output were recorded on a 4-channel, 500-megasample/s transient digitizer and
analog oscilloscopes. The analog data were reduced by magnifying and digitizing the
oscilloscope photographs and processing the resulting computer files.

HIGH-STRAIN-RATE PRESSURE/SHEAR TEST

High-strain-rate pressure/shear plate impact testing is a relatively new techniquel2-14 that
has been applied to metals to obtain stress-strain curves at shear strain rates greater than 105 s-!
under high and controllable levels of nearly hydrostatic pressure. The method is based on
concepts drawn from plate impac - testing and Hopkinson bar experiments. From the former is
taken the use of plane waves generated by parallel impact, so that a one-dimensional wave theory
is applicable and the interpretation of experimental results is simplified. From the latter comes
the concept of using elastic "probes” to sandwich and deform a thin specimen and to condu t
specimen loads and velocities to a remote location for measurement.

High-strain-rate pressure/shear impact testing is performed by impacting a thin specimen
plate against a hard anvil plate inclined at an angle, 8, as shown in Figure 5. This thin specimen
plate is backed up by a thick, hard flyer plate, which creates a state of high pressure and high
shear strain rate in the specimen. The flyer and anvil plates are designed to remain elastic while
the specimen deforms; during the early stages of the test, before release waves reach the center of
the plate from the periphery, stress components in the specimen can be inferred from the
projectile velocity and particle velocities at the rear surface of the anvil. Thus, measuring a

history of particle velocity at the rear surface allows us to construct a shear stress-shear strain
curve.
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Figure 5. Configuration for HSRP/S experiment.
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In the early stages of the test, waves reverberate in the specimen (Figure 6). Because
these waves are plastic, they are quickly dispersed and the stress state in the specimen becomes
nominally homogeneous. The out-of-plane shear and normal stress components are the same as
those in the elastic plates. Because the specimen's elastic resistance to volume change will not
allow a normal difference in velocity to be maintained across the specimen, the homogeneous
normal stress in the specimen quickly "rings up” to the normal stress that would exist if the flyer
and anvil impacted in the absence of the specimen. Thus, if the flyer and anvil are made from
the same material, the stress component normal to the specimen surface, @, is given by

o= piti )

where p is the density of the elastic plates, ¢ is the elastic longitudinal wave speed, and ug is the
component of projectile velocity normal to the plates. Computations verify that the hydrostatic
pressure in the specimen is nearly equal to the negative of the normal stress.

A finite transverse difference in velocity can be maintained across the specimen for the
duration of the experiment. Thus, the shear strcss need not ring up to the level that would exist
in the absence of the specimen. The shear stress component, 7, at the surface of the specimen is
the same as that in the elastic anvil, which is related to the transverse particle velocity, v, in the
anvil by

T= PV (2)

where ¢ is the elastic shear wave speed in the flyer and anvil. Because the anvil remains elastic,
v is exactly half the velocity at the rear, free surface of the anvil, v, Thus,

7=1 pervi 3)

The nominal shear strain rate in the specimen, % is given by the transverse velocity

difference across the specimen divided by its thickness; that is,
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y="E4 @

where vg and v4 are the flyer and anvil particle velocities adjacent to the specimen and h is the
thickness. If the flyer and anvil remain elastic, vp — Vo = Vg — vy, where vy is the component of
projectile velocity transverse to the plates. Thus,

y=00 ‘ (5)

By integrating Eq. (5) over time, we obtain the nominal shear strain in the specimen, and
combining the strains with the stresses from Eq. (3) allows us to construct a stress-strain curve.

In the HSRP/S experiments, the transverse particle velocity at the rear surface of the anvil
was monitored by using a ransverse displacement interferometer (TDI). This device, developed
by Kim et al.,15 uses the interference of light beams of different Doppler-shifted frequencies to
indicate the transverse velocity. The TDI is shown schematically in Figure 7. The
interferometer consists of a beam of laser light directed at normal incidence onto a diffraction
grating applied to the rear surface of the anvil. The grating is oriented so that the diffracted
beams, which are spaced symmetrically about the surface normal, are in the plane of the
transverse velocity component to be measured. A pair of diffracted beams with equal angles on
cach side of the normal are selected and mixed with a system of mirrors and a beam-splitter and
projected onto a photodetector. When the rear surface of the anvil plate moves transversely, the
two selected diffracted beams are Doppler-shifted, one to a higher frequency and one to a lower.
When these beams are mixed, beating occurs at a frequency proportional to the transverse
velocity. The transverse displacement, &, per beat cycle is

=7~ (6)

where d is the pitch of the diffraction grating and » is the diffraction order of the chosen beams.
We used first-order (n = 1) diffracted beams and a 5-pum-pitch grating in the experiments
reported here. The TDI is insensitive to the normal motion of the plate.
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In the first HSRP/S experiment on AlN, the flyer and the specimen were disks 55 mm in
diameter with thicknesses of 5.3 and 0.58 mm, respectively; in the second experiment the
specimen thickness was 0.60 mm. The anvils were disks 41 nun in diameter and 4.8 mm thick.
The flycrs and the anvils were made from hot-pressed B4C, and the specimens were AIN.

The specimen was glued to the flyer at the periphery, and the flyer-specimen assembly
was then glued to the nose of a projectile cut at an angle of 20 degrees. Small relief holes were
drilled in the hollow projectile to allow it and the specimen-flyer interface to be evacuated at the
same time as the breech, barrel, and target chamber of the gun.

The TDI diffraction grating was applied to the anvil by vapor-depositing a platinum
mirror and copying a master 200-lines/mm (5-pm-pitch) Ronchi ruling onto the polished rear
surface with photoresist. The anvil plate was glued into the center of a larger polymethyl
methacrylate (PMMA) disk, which was in tum supported by the gun's target holder mechanism.

SYMMETRIC PRESSURE/SIIEAR TEST

Experimental Technique

A key requirement in the HSRIYS tcst is that the flyer and anvil plates that sandwich the
specimen not yield. This requirement cannot be met for specimens of the very strongest
ceramics, such as SiC, B4C, and TiB2, unless diamond or cubic boron nitride fiyers and anvils
are used. An alternative technique must therefore be considercd. A good alternative is the
symmetric pressure/shear (SP/S) test,!! in which an anvil is impacted in a pressure/shear
configuration with a flyer of the same material (Figure 8). While not nearly so easy to analyze as
the high-strain-rate pressure/shear test, the symmetric pressure/shear test can still provide similar
conditions of high confining pressure and strain rate. In this test, the impact velocity and angle
and the histories of normal and transverse particle velocity at the target rear surface are
measured. These histories are compared with those from a numerical simulation using a
postulated material model, which is iteratively modified until the experiment and the simulation
agree. If the match is gouod, the model is at least valid for the test conditions.

At impact in the SP/S test, plastic longitudinal and shear waves propagatc forward into
the anvil and backward into the flyer (Figure 9), carrying information about the plates’ plastic
rcsponse. The shear wave is especially telling of the deformational behavior, whereas the

18
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longitudinal wave is largely dominated by volumetric, nearly elastic behavior. We chose to
measure only the transverse velocity history in our experiments.

Although the laser-Doppler velocimeter (LDV) has been in use for nearly 30 years to
measure the velocity of fluid-entrained particles and solid surfaces,!6 its use for plate impact
experiments was not suggested until the TDI was introduced.!5 To our knowledge, we are the
first group to implement it. When the TDI system is used, a diffraction grating must be applied
to the anvil rear surface and the grating must survive for the duration of the experiment. At the
high-impact velocities necessary for yielding the stronger ceramics, there is doubt about whether
a polymer photoresist grating can survive and the expense of etching the grating directly into the
ceramic is currently prohibitive. One solution to this problem is to confine the grating behind a
window of sapphire, as described by Espinosa and Clifton.!” Another solution is to dispense
with the grating and use an LDV system.

A schematic of our LDV system, TS1 Model 9100-3, is shown in Figure 10. A collimated
beam of single-wavelength (not necessarily single-frequency) laser light is split by the beam-
splitter into two parallel beams that are made to pass through an objective lens, which focuses
themn to narrow waists and causes them to cross, forming an ellipsoidal mcasurement volume.
When the collimation of the incoming beam is correct, the location of the waists and the center of
the interscction region coincide and a group of planar, parallel, equispaced interference fringes is
formed within the volume. The fringes are perpendicular to the plane of the intersecting beams
and parallel to a plane containing the bisector of the angle between the beams.

There are two ways to illustrate how an LDV works. Both ways lead to the same
equation relating light modulation frequency to target wransverse velocity. An analogy to the first
view is to think of a flashlight moving behind a picket fence. Consider a light-scattering object
moving through the measurement volume. Light will scatter strongly from the object when it is
in a bright fringe plane and weakly (not at all, ideally) when it is in adark fringe plane. The
modulation frequency of the scattered light will be the object speed divided by the fringe
spacing, which is given by

(7
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where A is the wavelength of the laser light and 2x is the beam crossing angle. Thus,
= d
tan K= 5 (8)

where d is the beam spacing entering the objective and F is the objective focal length, Thus, the
frequency, f, for a given velocity is

2vsin x
A

€

The other, equivalent way to understand how an LDV works is to consider the
interference of light scattered from each intersecting beam. The light scattered from one beam
will be Doppler-shifted fast, the other will be slow, and the mixed light will interfere with a beat
frequency given by Eq. (9).

Like the TDI, the LDV is insensitive to the normal motion of the anvil. Unlike the TDI,
however, the LDV is also insensitive to target tilt or to the condition of the anvil rear surface as
long as scattered light reaches the detector. Thus, the 1.DV can be applied in situations where the
TDI cannot.

Analysis Techniques

The extraction of stresses, strains, and other mechanical variables from the transverse
velocity history recorded in an SP/S test requires that the test be modeled with a postulated
material model and that the model parameters be adjusted until the computed and measured
velocity histories match. Then, the desired mechanical variables can be extracted from the
simulation. We have used two models, one a continuum model that uses an elastic-viscoplastic,
Mohr-Coulomb, dilatant flow law and the other a model that views the flow of ceramic as the
movement of blocks within a fragment bed. Both models are fully described elsewhere:18 and
will be only briefly outlined here; the description by Klopp and Shockey18 is included in the
Appendix.

The Mohr-Coulomb model's formulation follows that of Abou-Sayed and Clifion for
aluminum,!? which is in turn based on the viscoplastic formulation of Perzyna.?® We have
added comminution, dilatancy, and mean-stress-dependent yielding following the formulation
used by Rudnicki and Rice.2! The resulting constitutive equation has the form
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£ij = -1-;——" &j — FijOkk + (¢( T, WﬂD))% (10)
2 G

where & j is the total strain rate, vis Poisson's ratio, E is Young's modulus, &j is the Kronecker
delta, ¢ is the equivalent plastic strain rate, T is the effective shear stress, P is the equivalent
plastic shear strain, p = —0kk/3 is the negative of thie mean stress or hydrostatic pressure, D is the
amount of comminution, and fis a flow potential. The bracket function <¢> returns the value
of the function ¢ when it is positive, and zero otherwise. The effective stress is given in the usual
way in terms of the deviatoric stress, Sij = 0 — &;j0k/3: T = (;—S;}S‘ij)lfz. The overstress, T - 1Ty,
is proportional to the logarithm of the plastic strain rate. Thus,

y — im
- b I-Y%
o= ool i

The yield stress Ty depends on the mean stress, amount of commirution, and strain hardening.
When comminution is extensive, D = 1 and Mohr-Coulomb behavior described by 7y = pu
dominates, i being the friction angle tangent. The amount of comminution evolves from 0
toward 1 at a rate given by the amount the second invariant of the total stress exceeds some
constant limit.
. (2=1um)
D=
pc 1‘0

(1-D) (12)

Here pis the density, c) is the longitudinal wave speed, and 4, is a time constant. The choice of
2 as the driving force for comminution is based on the notion that even purely hydrostatic
loadings comminute polycrystalline ceramic. Hydrostatic loading causes comminution because
neighbonng grains often have different crystallographic orientations and, thus, different strain
fields as a result of anisotropy. Cracks form when the stresses necessary to enforce the
compatibility of these strain fields across grain boundaries exceed some failure stress. Recent
work by Lankford3 supplies strong microscopic evidence of grain boundary cracking caused by
incompatible plastic strains within neighboring grains.

The constitutive Eq. (11), together with the momentum and compatibility equations, are
rewritten as equations along characteristics. We solved these equations by using a2 modification

of the method of Ranganath and Clifion.22 The boundary conditions for the anvil plates are that




the rear surface is traction-free and the impact face has an imposed velocity of half the impact
velocity.

The fragment bed (FRAGBED) model4 is based on an analogy between fragment block
sliding and dislocation theory. The basic relation is

doPids = (5 - #qu)/(pscgﬂ (13)

where )F is the plastic strain on the ith slip plane, 7; is the shear stress; i is the tangent of the
friction angle; oy is the normal stress on the slip plane; p; is the solid density; ¢ is the speed of
shear waves; and T = B/(2gficp), a time constant. B is the block dimension, g is a factor on the
order of 1 relating the active slip system to the shear strain direction, and f; is the fraction of
blocks that have an adjacent vacancy large enough to allow slip.

The block sliding description is incorporated into 2 multiple-plane plasticity model?3
originally developed for tuittle fracture and shear band problems. In addition to the block sliding
description, the model] includes a treaiment of the creation and destruction of porosity via the
competing processes of dilatancy and compaction. A Mie-Griineisen relation is used for the
pressure. Yield and tensile strengths are reduced by the developing fragmentation. The
complete model was incorporated into a one-dimensional hydrocode, called COPS2, designed to
model pressure/shear tests.

RESULTS

Pressure/Shear Tests

Selected physical properties and the source of the tested ceramics are shown in Table 1.
The density and wavespeed values were provided by the suppliers.

The impact parameters for the three experiments on AIN are shown in Table 2. Two
HSRP/S and one SP/S experiment were performed. The histories of transverse particle velocity,
shear stress, and strain rate from the two HSRP/S experiments are shown in Figure 11, and the
resulting shear stress-strain curves are shown in Figure 12. The polymer grating on the anvil in
test AN-2 deteriorated so rapidly that only the first 4 (of perhaps 50) TDI interference fringes
were captured. Thus, only the initial response is known. The extrapolation from the initial
response, assuming no strain hardening, is shown by a dotted line. The history of transverse
particle velocity from the subsequent SP/S experiment is shown in Figure 13.
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Table 1
MATERIAL PROPERTIES OF TESTED CERAMICS

P Cq Cz Manutacturer's
Material (g/em3) (mm/us) (mm/us) Manufacturer _ Designation

AIN 3.26 10.8 6.2 Dow Chemical  Roklite 500
(carbothermally
reduced, hot-
pressed)

85% Alp0O3 3.42 88 51 Coors AD-85

99.5% Al203 3.81 10.3 6.2 Coors AD-995

B4C 2.51 13.5 85 Dow Chemical  Roklite 100
{hot-pressed)

SiC 3.10 11.2 7.3 Carborundum  Sintered
a - SiC

Tabie 2

IMPACT PARAMETERS FOR AIN EXPERIMENTS

Nomilnal
Vo Specimen Angle Pressure
Experiment _ Contlguration® {mm/us) Thickness {degree) (GPa)
AN-1 HSRP/s 0.672 0.577 mm 20 10.9
AN-2 HSRP/S 0.680 0.599 mm 20 111
AN-3 SP/S 0.696 N/AC 15 6.62

2 HSRP/S = high-strain-rate pressure/shear (Figure 5)
SP/S = symmaetric pressure/shear (Figure B)

© pressure variee significantly in SP/S.
€ There is no specimen In an SP/S test, only flyer end anvil,
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The impact parameters for the three SP/S experiments on AlpQOj3 are shown in Table 3.
One Coors AD-85 and two Coors AD-995 (Coors Porcelain Co., Golden, Colorado) specimens
were tested. The resulting transverse velocity histories are shown in Figure 14, In Shots AO-1
and AO-2, the impact faces were polished to a =6-nm RMS finish as measured by a profilometer.
In Shot AQ-3, the impact faces were roughened by sandblasting to help preclude slip. The RMS
roughness of the sandblasted surface was not measured, but a scanning-laser microscope profile
of the surface shows that sandblasting created pits =5 pm in diameter, =1 um deep, spaced =15
fm apart on the previously nearly pit-free surface.

The impact parameters for the SP/S experiment on B4C are shown in Table 4, along with
the impact parameters from the two HSRP/S experiments on AIN in which the flyer and anvil
plates sandwiching the specimen were B4C. The reason for including these results will become
apparent in the Discussion; the B4C in the HSRP/S tests may have failed. Tihe resulting
transverse velocity history from the SP/S experiment is shown in Figure 15.

Analyses

The stress-strain-pressure behavior measured in the two HSRP/S experiments on AIN
were used to predict the results of the SP/S experimeni on AIN. Shot AN-1 was simulated by
using the Mohr-Coulomb model, and parameters were adjusted to match the measured response,
as shown in Figure 16. The final parameters for AIN and the other ceramics tested are shown in
Table 5. The result of modeling the AIN SP/S test by using the AIN HSRP/S parameters is
shown in Figure 17. The prediction of the FRAGBED model is also shown. Clearly, both
models significantly underpredict the measured transverse velocity. The reasons for this
underprediction will be presented in the Discussion.

The Mohr-Coulomb model parameters used to model Shot AO-1 on AD-85 Al;O3 are
also shown in Table 5, and the calculated transverse velocity is shown as the lower dashed curve
in Figure 18. Those same parameters, when used to model Shots AQ-2 and AO-3 on AD-995,
give the upper dashed curve in Figure 18.

Table 5 also gives the Mohr-Coulomb model parameters for B4C that result in a decaying
velocity history, Figure 19. The velocity history is qualitatively similar to that measured in Shot
BC-1, Figure 15, but the amplitude and decay rate are not the same. We expect that further
iteration would produce parameters providing a better match to the experimental history.




Tabie 3
IMPACT PARAMETERS FOR SP/S EXPERIMENTS ON Al203

Experiment® —_ ____Material (m:':;us) impact Face
AO-1 AD-85 0.421 Polished
AO-2 AD-94% 0.595 Polished
AO-3 AD-995 0.596 Roughened

? All at @ = 15 degrees, all symmaelric pressure/shear,

Table 4
IMPACT PARAMETERS FOR SP/S EXPERIMENT ON B4C

Experiment® (m:'l?us) ConfigurationP
BC-t 0.939 SP/S
BC-2 0.672 BSP/S
B8C-3 0.680 BSP/S

2 Alle = 15 degraas.

bsp/s - symmeatric pressure/shear
BSP/S = symmatric pressure/shear with AN butfar,
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Figure 14. Transverse velocity-lime histories from SP/S experiments on AD-85 and
AD-995 Al203.
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Figure 15. Transverse velocity history from SP/S experiment on B4C.
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Table S

SIMULATION PARAMETERS FOR VARIOUS CERAMICS

Density (kg/m3)

Longitudinal wave spaad (mmv/us)
Shear wave speed (mmv/us)

Initial yield stress (GPa)

Friction coefficien

Shear modutus (GPa)

Poisson's ratio

Mean stress at HEL (GPa)

Shear stress at HEL (GPa)

Square root of second stress invariant
al damage limit (GPa)

Strain rate constant (s")
Shear stress constant (MPa)
Strain rate power

Pressure constant (GPa)
Time constant (ns)
Hardening modulus (GPa)
Dilatancy ratio

AD-85 &
AD-995
AIN Al,Oq _B4C
P 3.26 342 2.51
¢ 10.8 88 13.7
2 6.2 5.1 8.5
Tyo 16 352 10.0
n 0.057 0.23 0.45
G 126.0 88.0 1815
0.25 0.25 0.19
Pres 5.0 3.39 6.8
Tm 3.0 2.03 6.4
I 7.0 48 3.1
Y 0.11 3.0 1.0
%o 1.2 15 0.5
m 2.0 2.0 2.0
Po 1.0 1.0 1.0
to 0.1 1.0 0.1
h 1.14 10.0 10.0
B 0.2 0.2 0.2
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AD-85 strength parameters were used 10 simulate the AD-995 experiments.
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DISCUSSION

Table 6 summarizes the Mohr-Coulomb properties of the ceramics in terms of the friction
coefficient and the shear strength at the applied mean stress, i.c., a slope and intercept inferred
from the simulations. To facilitate comparison, Table 6 also presents the properties in terms of
the shear strength at a mean stress of 5 GPa. The fact that the strengths regularized to 5 GPa
mean stress are all (but one) nearly the same is remarkable but possibly misleading; the strengths
were not measured at 5 GPa and would possibly be different had they been measured at 5 GPA
mean stress. Likewise, the fact that all but one of the friction coefficients (slopes) in Table 6 are
equal t0 0.23 is misleading: except for the AIN HSRP/S simulation, we did not explore other
values. There is nothing to suggest that the value 0.23 is unique. Failure surfaces with high
slope and low intercept might serve just as well as failure surfaces with low slope and high
intercept.

The pressure/shear experiments have revealed a wide range of mechanical response
amon g the ceramics tested. The transverse velocity for AIN nearly reached the elastic level,
whereas the velocity for B4C was only 35% of the elastic level. For AIN and B4C, velocities
decayed with time; for AD-85 and AD-995 Al203, velocities increased with time. The former
behavior is characteristic of faster decay waves overtaking the initial shear wave from behind,
whereas the latter behavior is characteristic of slower following waves. The different ceramics
seemn to have different mechanisms for failure and postfailure flow, and these mechanisms
operate at different threshold loads.

Figures 20 and 2] summarize the HSRP/S and SP/S results obtained for AIN and AD-85
and AD-995 Al;03. The data are presented in terms of equivalent shear strength as a function of
pressure, deduced from the Mohr-Coulomb model parameters, assuming 105 s°! shear strain rate,
0.05 equivalent plastic strain, full damage, and a mean stress around the average attained in
simulating a particular test. Figure 20 includes results for AIN obtained by Heard and Cline24
using quasistatic compression, by Lankford?5 using a split-Hopkinson pressure bar, and by
Grady26 and Rosenberg et al.27 using normal plate impact. Figure 21 includes the results for
AD-85 obtained by Yeshurun et al.,28 Wilkins,2% and Gust and Royce30 and the results for
AD-995 obtained by Gust and Royce.30 Figure 22 includes the results for B4C obtained by
Grady, Wilkins,29 and Rosenberg and Yeshurun.3! Figure 23, from Klopp and Shockey, 18
shows similar resulis obtained by Johnson et al.,32 by Grady,26 Kipp and Grady,? and Klopp and
Shockey!8 on silicon carbide (SiC).
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Table 6

SUMMARY OF RESULTS—INFERRED MOHR-COULOMB
PARAMETERS FOR VARIOUS CERAMICS

Shear Strength
: Friction Shear Strength Mean Stress at 5 GPa Mean
' Coefficlent {GPg) {GPa) Stress
AIN (HSRP/S) 0.057 1.8 1.0 14
AIN (SP/S) 0.23 4.9 6.6 4.5
AD-8% 0.23 1.1 35 14
AD-9895 0.23 1.8 6.5 1.5

SiC 0.23 1.3 4.0 1.5
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Figure 20. Equivalent shear flow stress as a function of mean stress for AIN.
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From Figures 20 through 23, we conclude that, with the exception of AlM tested in SP/S,
the shear strengths inferred from the pressure/shear tests are lower shan the strengths reporied by
others, As suggested by Klopp and Shockey,!8 we think the reason is that we have essentially
measured the response of comminuted ceramic, The longitudinal wave, which is strong enough
to cauy . damage even in compression, runs ahead of the shear wave. The shear wave, which we
measured, is always running through damaged material. Thus, the mean-stress-strength behavior
of SiC, for example, measured in pressure/shear is closer to lying along a line through the points
of Johnson et al.28 for ball-milled SiC than along the line connecting data points for intact
ceramic (Figure 23),

We established at the outset that any tests for measuring the ballistic behavior of armor
ceramics must measure their behavior under penetration conditions (at lcast until such tests show
that ballistic behavior is independent of certain penetration conditions). Both the HSRP/S and
SP/S tests have met this requirement, because mean stresses and strain rates characteristic of the
Mescall zone were achieved in both. For example, the nomiinal mean stress and strainrate in the
HSRP/S tests on AIN were 11 GPa and 1.3 x 105 s-+, respectively, and Figure 24 shows that the
mean stress and plastic shear strain rate were 4 GPa and 1.0 x 104 s°1, respectively, obtained
from the Mohr-Coulomb simulation of the SP/S test on AD-85.

The Mohr-Coulomb simulations can reproduce the transverse velocity histories at lcast
qualitativcly and, in the cases of AIN tested in HSRP/S and AD-85 and AD-995 A1,03 tested in
SP/S, quantitatively. Matching the AIN and AD-85 velocity historics was essentially a curve-
fitting exercise. However, the inability of the simulation to predict the SP/S response of AIN
from the HSRP/S results and its ability to predict the SP/S response of AD-995 from the SP/S
response of AD-85 are significant,

The response of AIN inferred from the HSRP/S tests is soft. The response inferred from
the SP/S test is hard. Since it is unlikely that the SP/S test could indicate a response that is too
hard (too high a transverse velocity), the HSRP/S results should be questioned. There are several
rezsons why an HSRP/S test might indicate too low a transverse velocity and, hence, too soft a
response: (1) the inipact interface may have slipped and transmitted too little traction into the
anvil, (2) the B4C flyer and anvil may have failed in compression by fracturing or yielding in the
interior, and (3) the rear surface of the anvil under the TDI diffraction grating or the grating itself
may have failed in shear. The evidence supports the third possibility more than the others.
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The evidence against slip is that both polished and sandblasted AD-995 gave the same
response (Figure 14). We would expect that, if slip were occurring, changing the frictional
characterisdcs of the impact interface would make a difference. The frictional characteristics of
AIN against B4C may be different from those of AD-995 against itself, The fact that two
HSRP/S tests on AIN gave nearly the same response further suggests, however, that slip was not
occurring. Slip is probably highly sensitive to cleanliness, roughness, gun chamber vacuum, and
projectile blow-by, and these conditions were not identical in the two tests.

The second possibility, that the B4C failed in compression in the interior, would require
that it had been Ioaded beyond the failure limit in compre ssion/shear. The failure limit of B4C in
uniaxial strain compression, the HEL, is reportedly greater than 14 GP2.2% The maximum
equivalent shear stress that could have been applied to the B4C, assuming the AIN specimen did
not yield, was around 5.4 GPa, whereas the failure limit, assumed to be the equivalent shear
stress at the HEL, was around 6.2 GPa. Thus, the B4C probably did not faii in compression in
the interior.

The third possibility, that the B4C failed near the diffraction grating, seems the most
likely. The B4C probably failed in tension on 45-degree planes when the initial shear wave ran
into the unloaded region near the back surface,!” as indicated in Figure 9. In all the experiments,
the 45-degree tensile stresses far exceeded the preshocked spall strengths reported by Grady.26
In addition, the FRAGBED model includes a simple tension cutoff failure model. Ina
simulation of AIN loaded in SP/S, the model predicts tensile failure near the location indicated in
Figure 9 and the anvil rear surface ends up moving at a greater normal velocity than the normal
component of the projectile velocity. Nevertheless, the results show that all the ceramics
maintained at least some shear strength after high-amplitude shock and release.

The fact that the same model parameters can match both the AD-85 and AD-995
responses docs not mean they have the same mechanical properties. AD-85 is well known to be
weaker than AD-995. If the AD-85 had been tested at the same impact velocity (595 instead of
421 my/s) as the AD-995, presumably thc AD-85 rear-surface velocity would have been lower.
The match between the results shows the fallacy of using the models to extrapolate away from
the conditions of a given test. The results are valid at least—perhaps only—for the conditions of
a given test. Extrapolation using the current model is not warranted.
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Chapter 4
OTHER TECHNIQUES

ROD IMPACT

The rod impact technique, or Taylor test, has been applied to metals,33 polymers,34 and
ceramics.35 In the test, a circular rod about 4 to 6 diameters long is impacted axially against a
"rigid"” wall or another like rod. The deformed profile of the rod is recorded with & framing
camera33 or determined posttest, and this profile is compared with that predicted from analysis.
The material model in the analysis is adjusted until the analytical and experimental profiles
match. The main advantage of the rod impact test over plate impact tests is that less
sophisticated experimental facilities are required. The main disadvantage is that the loading on
the rod is unknown and complicated and must be inferred from computations, making the
quantitative determination of material properties difficult,

Another disadvantage is that the stress state in the rod impact test is nearly uniaxial, and
therefore the mean stress can never significantly exceed the deviatoric stress, unlike the stress
state ahead of a penetrator. Thus, to be relevant to armor penetration measurements, the test
must be modified to increase the mean stress. The modification we used was to contain the rod
within a cylinder of another material, thereby constraining radial expansion of the rod.

We simulated a contained rod impact test with a hydrocode and decuced that the stress
and strain paths were similar to those occurring ahead of a penetrator. We then performed
several rod impact experiments in which a ceramic rod was surrounded by a metal or PMMA and
metal containment. Two examples are shown in Figure 25. The ends of the assemblies were
impacted by explosively accelerated plates. Because the ceramic rod was unlikely to be

recoverable for examination posttest, we hoped that the profile would be recorded in the bore of
the containment.

We tried the first configuration shown in Figure 25 (a) and found that, indeed, the rod
could not be recovered; the containment also was not recoverable. In an attempt to capture and
preserve the ceramic, we designed a blunt tapered flyer that was supposed to explosively weld
itself to the containment cylinder (Figure 25b). However, either the flyer velocity was too low
relative to its strength or the taper angle was wrong; in any case, welding did not occur.
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Although some contained-rod impact configuration could be made to work, we did not
pursue this problem any further.

CAVITY EXPANSION

The success of cavity expansion analyses36-38 of modeling penetration suggests that
cavity expansion tests would exercise a material under penetration conditions. We have analyzed
the expansion of a Mohr-Coulomb (presumably ceramic) cylinder confined within an elastic/
plastic (presumably metal) cylinder (Figure 26), subjected to monotonically increasing internal
pressurization. Qur analysis is based on Hill's3? analysis of the expansion of a monolithic tube
and is valid from the initial yielding of the ceramic to complete yielding of the metal
confinement. We provide relations for the radius of the elastic-plastic boundary, when in cither
the ceramic or the metal confinement, and the outer radius of the confinement as a function of the
internal pressure, The loading is assumed to be quasi-static, plane strain, and the ceramic and
metal are modeled as elastic-perfectly-plastic. The Lamé elastic constants for the ceramic and
metal are, respectively, A, i and 4, p;. Postyield, the ceramic is assumed to obey a Mohr-
Coulomb flow law with a tension cutoff and the metal is assumed to obey Tresca's flow law.

In Figure 26, a and b are the inside and outside radii, respectively, of the ceramic
cylinder, and b and d are the inside and outside radii, respectively, of the metal confinement.
The radius of the elastic-plastic boundary is ¢. The yield condition of the ceramic is shown
graphically in Figure 27. For monotonic pressurization, stress states are on the branch

Ohg =m0 + YT (14)

where m is the slope defined in Figure 27, Y is the tension cutoff, and oy and Gy are the radial
and tangential stress components, respectively. The yield condition is equivalent to

T<fP +T, (15)

where 7 is the maximum in-plane shear stress, P is the negative of the in-plane mean siress, fis
the tangent of the friction angle, and T is the cohesion in shear,

ms= —}-;-? 16)




Ceramic

RAM-6795-57

Figure 26. Schematic of cylindricat cavity expansion test.
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and

2T

Yr=137 (17)

The boundary conditions are that ¢ = -Pp atr = g and Gy =0 at r = d. Further conditions
necessary for solving the problem are that the material just inside 7 = ¢ is at incipient yield and
that tractions are continuous across r = ¢. When the elastic-plastic boundary is in the ceramic,
the values of ¢ are the roots of

<P + 71 - myat-memt! - (Po + 7)1 + myal-mem-1a2 4 Yrdt2— =0 (18)

A M
where @2 = I'd? and d is the outside radius of a ceramic containment with elastic constants A,
equivalent to 2 metal containment of outside radius d with elastic constants As, ps and

rod[A B =G+ plpst? + At g+ 1) s + p)d? }ub?

(19)
[its(As + a5 + 40)b2 + (U — ps)(As + ps)d2 ] (A + pr)d
The pressure for initial yielding of the ceramic (i.e., when ¢ = a) is given by
2
Pya (@2 =)y 0)

" L1102 - m+ 2]
and the pressure for final yielding of the ceramic (¢ = ) is given by

1
{(g) T+ 2+ (1 —myp2] - 230}YT
Pyy = 21

1 m){() [ +ma2+q- m)fﬂ]}

The relation between the internal pressure and the change in the outside radius of the
confinement, through final yielding of the ceremic, is given by

_(A+ 2u)(ﬂsg 245)YTH2d 22)
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where

D =2(1 = m)(A + ) ps(As + s + 162 + (ot — ps)(Ag + p)d?] +
20+ m5{ [A+ - Gs 19 Just + A+ 1+ 1) 482 ) 23)

When the elastic-plastic boundary is in the metal, its radius is given implicitly by

¢y, Y ¥r yay ™" 7
c={?.;.,§[ysm(5)+_r_1_m_(po+_r_l e Ye) ]dz} 24
The pressure for initial yielding of the confinement (c = b*) is given by

[Yr Yo oo™ Yoo
L 2
and the pressure for complete yielding of the confinement (¢ = d) is given by

_[.Yr_ dyyoN =™ Y1
Pya _[1 T, Ysln(b)I a) L 26)

Finally, the relation between internal pressure and the change in the outside radius of the
confinement, through final yielding of the confinement, is given by

c Y 1-m
c2d Ysln(g) T (Po + Ib A+2u)

2(1 + pu(c? ~dY)

ud) = @7

Figure 28 shows the plastic zone radius and the confinernent radial displacement as a
function of the inteinal pressure for an example set of parameters, given in Table 7. Results are
plotted for f = 0.25, (1.5, and 0.75. The plots show that, provided the metal confinement is well
characterized, the frictional behavior of the ceramic can be inferred from measuring the change
in the radius of the confinement or the plastic zone radius. Large relative changes in flead to
targe relative changes in u{d) for a given pressure.
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Table 7

PARAMETERS FOR CYLINDRICAL CAVITY
EXPANSION EXAMPLE PROBLEM

Parameter Value
a (mm) 10
b {mm) 50
d (mm) 70
A (GPa) 115
n{GPa) 147
s (GPa) 119
ils (GPa) 80
YT (MPa) 500

Ye (MPa)




‘The above analysis is strictly quasi-static. We would expect, however, that a dynamic
analysis taking wave propagation into account would also show thiat u(d,¢) is sensitive to the
internal pressure history. The dynamic analysis would apply when the intenal pressure is
supplied, for example, by the detonation of an explosive.

PENETRATION ARREST EXPERIMENTS

To understand ceramic penetration, we must also understand penetrator erosion. Much of
the phenomenology of ceramic penetration can be obtained by sectioning ballistically tested
targets. However, penetrators are often completely eroded or otherwise badly deformed after
steady-state penetration and little information is available on erosion phenomenology. To better
understand erosion, we designed 1/4-scale penetration experiments in which penetration would
be arrested partway through the targets.

We shot 6-mm-diameter, 60-mm-long tungsten-nickel-iron (W-Ni-Fe) alloy rods with
hemisphencal tips into highly confined Coors AD-995 alumina ceramic targets, as shown in
Figure 29. Targets were constructed by shrink-fitting steel rings around 25-mm-thick ceramic
disks, stacking two such assemblies, and attaching front and back plates with bolts. The ceramic
disks vere made 13 pm thicker than the rings and 100 pm larger in diameter than the inside
diameter of the rings, so that the disks were under an axial prestress of around 20 MPa and a
radial prestress of around 500 MPa (both prestresses compressive). The steel parts were heat-
treated to HRC 40 before assembly. Impact velocities were arountd 850 m/s.

Penetration was arrested partway through the targets as desired. The tail of the penetrator
was visible through the hole in the cover plate. The ceramic was significantly dilated as
evidenced by the bulging of the front plate, opening of gaps between the rings, and stretching of
the bolts. Unfortunately, we did not have sufficient time or funds to section the targets and
examine the penetrators. We recommend that sectioning be pursued in a future program. We
have available several more AD-995 targets and targets of TiB2. We also have six uranivm-
3/4% titanium (DU-3/4Ti) penetrators. By performing further experiments, we can compare the
erosive properties of AD-995 and TiB7 and the erosion resistance of DU-3/4 Ti and W-Ni-Fe
alloys.

59




Steel . !
Confinement Ceramic :

Entry Hole
{a) Target
Copper Sabot
6 mm /
/
|
/ I

Tungsten
Penetrator

{b) Penetrator
RAM-6795-60

Figure 29. Apparatus for penetration arrest experiments.




Chapter §
CONCLUSIONS AND RECOMMENDATIONS

CONCLUSIONS

From the results of the research performed in this program, we reached the following
conclusions;

* Penetration of a confined ceramic block by an impacting long rod projectile
occurs by the comminution of a zone of the ceramic at the leading edge of the
projectile and the flow of the fine fragments out of the projectile path,

The material properties governing the penetration resistance of a confined
ceramic block include the dynainic compressive strength, the comminution and
granular flow resistance under high rate and high pressure conditions, and the
abrasiveness of the ceramic fragments.

Pressurc/shear tests in two configurations with rear surface laser diagnostics
and with appropriate constitutive analysis are suitable for measuring the high
pressure, high strain rate comminution and granular flow properties of armor
ceramics.

RECOMMENDATIONS FOR FUTURE WORK

Our research on the phenomenology of penctration, the development of tests for
measuring goveming properties, and the application of those tests to candidate armor ceramics
suggest many avenues for future research, in terms of both specific test techniques and armor
design in general.

One issue that needs to be addressed is whether the pressure/shear anvils fail in 45-degree
tension when the shear wave runs into uncompressed material. One way to remove doubt in
future experiments is to simply prevent shear failure, A sapphire window placed behind the
anvil, as implemented by Espinosa and Clifton,17 delays longitudinal unloading and ensures that
the shear wave always runs into compressed specimen material. Another way is to use in-
material gages to makc measurements nearer the impact plane than the potential shear failure
plane. For nonconductive ceramics, the magnetic particle velocity technique developed by Gupta

et al.40 is a proven method for making such measurements. Both types of experiments are




recommended, because the latter technique cannot be applied to conductive ceramics such as
TiB2, whereas the former technique is restricted to cases in which the sapphire does not yield.

A second issue that should be addressed is whether slip occurs between the impacting
plates. The magnetic particle velocity technique can also be applied to resolve this question, If
slip is not occurring in a symmetric pressure/shear experiment, the particle velocity detected by a
gage located on the impact face of the anvil will jump to half the impact velocity and remain
there for the duration of the one-dimensional part of the experiment. Any variation in velocity,
in an otherwise perfectly symmetric, planar impact, indicates that slip is occurring.

To reduce ambiguity in the measured stress-strain response of very hard ceramics like
TiB3, SiC, and B4C, we recommend HSR pressure/shear experiments using flyer and anvil plates
of cubic boron nitride (CBN). Since CBN has a higher Hugoniot elastic limit than these
candidate armor ceranaics, the flyer and anvil plates will remain elastic at the high impact
velocities required to fail the specimen materials, allowing a direct determination of the stress-
strain response. CBN is available relatively cheaply in disks 25 mm in diameter and 2 mm thick
as a cutting tool material.

The fragmentation and flow models should be further developed. The Mohr-Coulomb
model we used is largely empirical; how the parameters in the model relate to physical properties
and processes in the material is unclear. The block-sliding model, FRAGBED, is more
physically based, but is incomplete. We recommend that FRAGBED be modified to include
details of the fracture and fragmentation process. The result will be improved understanding of
fragment size and shape evolution, fraginent interaction, and the possible interplay of plastic
(dislocation-based) deformation and fragmentation. The relationship between model parameters
and physics would be more clear. The model would be used for simulating both SP/S
experiments and ballistic penetration.

Our data base of pressure/shear results is limited in the number of ceramics tested and the
range of mean stress and strain rates covered. We recommend that additional pressure/shear tests
be performed, particularly on ceramics of common intcrest to other investigators, such as AD-
995, and to designei s, such as TiB3.

An investigation into penetrator erosion is recommended. The following questions
needing t» be addressed: What ceramic properties or ceramic fragment characteristics control .
penetrator erosion rates? How do abrasive wear and plastic flow relate to erosion? If sharp,
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angular fraginents erode penetrators better, what properties control fragment morphology, and
can these properties be enhanced without degrading other imporntant properties?

We still need a simple, inexpensive test that exercises ceramics under penetration
conditions, because the pressure/shear tests described here require a sophisticated gas gun facility
with accompanying interferometers and high-speed recording equipment. We recommend that
the search for a simpler test begin with continued investigation of the cylindrical cavity
expansion test, That test requires an explosives test capability and the capability to machine
cylinders of armor ceramics, but no more sophisticated instrumentation than a micrometer is
required ‘o measure the diameter of the confinement before and after the test. Our results show
that the granulation and flow properties of armor ceramics are relatively insensitive (compared
with metals, say) to loading rate, but are sensitive to mean stress. Thus, a simpler static test may
be possible, but only if sufficiently large mean stresses can be appliel. A dynamic test may be
necessary, if only to attain sufficiently large mean stress.
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ABSTRACT

Adaptations were recently n..Jde to the two light gas guns at SRI International's

Poulter Laboratory to improve their versatility as research tools. An altemative breech plug

configuraton was created for the smaller (2.5-in.-diameter) gas gun, resulting in a nearly
50% increase in impact velocity, and a rew projectile/target/recovery system was designed
and built for use in the larger (4-in.-diameter) gas gun that allows planar impact of plates up
to 12 in. indiameter at relatively low velocities. This paper will briefly describe the two
gas guns, discuss the motivations for making the changes, then show in detail the design

and operation of the new configurations.




2.5-IN. GAS GUN: BREECH MODIFICATION
FOR HIGHER VELOCITIES

DESCRIPTION

SRI International's 2.5-in. gas gun jias been in operation for about 30 years and
was last modified in 1977. This modification involved slotting the barrel and adding to
each projectile a key that rides in the slot, thus preventing projectile rotation and allowing

planar impact of a slanted flyer and target wiih negligible tilt.

The standard wraparound breech configuration (shown in Figures 1 and 2a) has the
projectile acting as the rapid-opening breech valve, With the projectile iatched in place, the
barrcl ahcad of and behind it is evacuated and ih reseivoir is pressurized to a maximum of
=6000 psi. To activate a launch, the projectile is unlatched and high-pressure gas from the
reservoir is allowed through the evacuation tube into the region behind the projectile,

pushing it forward and unblockiug the reservoir apening.

The projectile wills must be relatively strong (a mirimum wall thickness of = 5 mm
of 7075-T6 aluminum in the region of the rescrvoir opening) to withstand the high pressure
of the gas prior to lacnch; and thercfore, the projectile is relatively heavy (from =500 to

1200 g). The results of the 549 tests performed from 1977 to 1989 are showr in Frgure 2,

plotted in terms of impact velocity (V) versus gas pressure divided hy projectile mass

(P/M). The highest impact velocity has been 677 mys, using a custom projectile {with
outrigger for slanted impact) designed for minimal mass. The projectile weighed 535 g,

and the tests had a gas pressure of 5980 psi (P/M of 11.2).




unb sef "u-g g 10} voie.nBiyuos Yyosaaiq punociedeis priepurls '} ainbig

1 E¥SBIL FivD

k_:
/ - ] 4
i
Ny uleaig
1_ — S

(Gu- 0 53jcua) w)

y//, \ \\\\\ 7,

[puEg unD .ﬂ\ Y e ety e e e e, m _ __:_ __

B4
a|iaaloiy ;
POIBMHYL TR

1 T oany oy
T ok

wsiweyday Faaje Iﬂ >

.......................................... e __.,_._......m - i \N. ; \\\\ ; q\ 0 LSRRI ?ﬂ'ﬂlf

e

et

Z .
12222 MBSR38388
ipanas _,m_ N\

N




‘suoeanByuas yasaiq unb seb "ui g 2 aalewaE jo onewayds g aindiy

CEVSPIEFIVD

{(1oedwi pajuejs Buimoys) yoeaig Alaciaa-JaybiH map (g

A S ST
224005 Ny pue aaep Guuly

W\\.\\.\\0\\\.\\\.\\\\.\.\.\\\\\\\.\\\\.\\\h

I
: i ‘
1abie 19k ypajueis pue safbuinQ _ il
—— 8- pajueig i @1i38lo1d paiem Ui | |
- i

¥UE] igyden)
o o ol o o T M
o

aben Eey e B wibendeq ety 82Inog
DT T winieg ! _
&W\vﬁ.«m\r _ g anen iitd ()
A B suig Apoeg I
: - o
4 L : _.ll.-.“ aaaaaaaaaa o \..W.\t..\l\ )
m (paenacaa) [aueg _| lm.“- R ——
_ ] , . . e =
H 1} u.m_ﬁ_
Euiting

. noasasay einTsalg-ybys —
que| jatiel : d -4ty

o A A TN Grig 2isBig

(izedun ;ewsou Bumoys! yoeaug puncie deisy, popuers (e)

gajes Bung

N\EN\\QEQ‘%%&S\E% o

s — whesyde el

___?f

B820N05 WniaH W
: 3
B-— suld Aoojaa 1

]
BAEA LI % o

RN
S

{palenoeas) [BuER

&jll3alnug pajEM Iy

S

DOAIBSSY BanndSang by | finng
HUB Y JByHED wuey jafiey

o
.“
“\N\\\\\\\hﬁxuﬂ\\\\\h\\\\\\\\\h\\\\k\\\hﬁ\\\\.\\.\\h\\\\g\\\ e




MOTIVATION FOR CHANGE

Recently there has been interest 1n gas gun tests of high-strength ceramics, such as

silicon carbide (5iC), boron carbide (B4C) and titanium diboride (TiB5), that have

Hugoniot elastic limits (HEL) in the 150-kbar range. Os.e such test, called the pressure-

shear test,” involves slanted impact to produce shear stresses strong enough to yield the

material. Back-surface interferomelry is used to characterize the dynamic flow properties

of the ceramic .

Impact velocities on the order of 900-950 mys are required to obtain the desired
stresses. Figure 3 shows an extrapolation of the V-P/M curves to 1000 m/s, using a power
law fit to the lower-velocity data. The P/M value would need to increase by =150% (from
=11 to =27) to obtain the 50% increase in V over the highest previously attained value of
677 m/s. Because we are already at the upper limit of gas pressure (=6000 psi), we must

reduce the projectiie mass by 60% (from =550 to =220 g).

After we examined many possibilities for redesigning the projectile (including
changing the composition of the walls, reducing the wall thickness and filling the inside
with a light foam, and ribbing the walls), it became clear that nothing would effect such a
major reduction in the projectile mass as long as the projectile needed to withstand the
6000-psi gas pressure. We concluded that we had to redesign the brecch configuration to
eliminate the use of the projectile as a breech valve, We strived to minimize (1) the costs by
using as many existing breech components as possibiz and (2) the time required to switch

back and forth between the new and the old breech confipurations.

*R.J. Clifton and R. W. Klopp, "Pressure-Shear Plate Impact Testing,” in Metals Handbook, Vol. 8, 9th
Edition, ASM Intermauonal, Metals Park, Ohio {(1985).
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NEW HIGHER-VELOCITY BREECH CONFIGURATION

The newly designed and implemented higher-velocity breech configuration is
shown in Figures 2b and 4. A solid polycarbonate cylinder replaces the projectile as the
breech valve, while the projectile, a new ultralight, thin-walled design, is positioned in the
barrel ahead of the reservoir opening. The plastic slug is attached by a tube to a pistonin a
cylinder outside the barrel. The tube. which is also used to evacuate the region behind the

projectile, passes through a tapered high-strength steel breech plug.

The modifications were relatively inexpensive to implement, because only two
components of the standard breech configuration needed to be replaced by machined parts.
The barrel insert was redesigned to include a shoulder (against which the plastic slug and
the projectile are positioned) and holes for the latching pins. A new tapered hreech plug

replaces the original plug.

When the gun is fired, compressed air pushes the piston, which pulls the front end
of the plastic slug past the reservoir opening. At that point, high-pressure gas from the
reservoir flows into the barrel, driving the plastic slug backward (further opening the
reservoir) and, after enough pressure is attained to shear off the latching pins (a few
hundred psi), propelling the projectile forward. The reservoir opening time is expected to
be about the same for this configuration as for the standard wraparound breech. The plastic

slug is severely deformed and is eventually stopped by the taper of the breech plug.

The ulwralight projectile design is shown in Figure 5. The matenial is still 7075-T6
aluminum, but the wall thickness has been reduced to a mere 1.6 mm. The design allows
the gas to flow to the outside as well as the inside of the wall, which serves simply as a

guide to keep the front of the projectile (=5 mm thick, to withstand the high pressure) in

alignment. The mass of the projectile shown in Figure 5 is about 235 g, depending on the
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density and thickness of the flyer plate. Further reductions can be made by reducing the

projectile's length and cutting holes in its side walls.

Thus far, four experiments have been performed with the new breech
configuration, shown in Figure 6. The highsst velocity attained has been 939 my/s, using a
projectile with a mass of 223 g (breech pressure was 6090 psi, resulting in a P/M of
27.2 g). The velocity was a only a few percent below that predicted for the same P/M by
the power law extrapolation from lower-velocity data. The measured impact tilt has been as
low as 0.6 mRad, which is comparable 1o the best attained using the standard wraparound

breech configuration.

11
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4.IN. GAS GUN: NEW SYSTEM FOR IMPACT
OF 12-IN.-DIAMETER PLATES

DESCRIPTION

SRI International's 4-in.-diameter light gas gun has been in operation for about 20
years. Its =14-m-long barrel is unslotted, so the gun is suitable for norznal impacts only.
The gun produces impacts with uniaxial strain pulse durations (before impingement of
radial release wavcs from the target or projectile pcriphery) as high as 10-15 ps, depending

on the target material, which is enough for most laboratory shock wave experiments.

The gun has three different breech configurations to span a wide range in impact
velocity. A standard wraparound breech system (Figure 7a), similar to that described
above for the 2.5-in. gun but with a maximum reservoir pressure of 3000 psi, has yiclded a
peak impact velocity of approximately 875 m/s with standard thick-walled aluminum
projectiles. A double-diaphragm breech (Figure 7b) with a maximumn reservoir pressure of
6000 psi has yielded a peak impact velocity of nearly 1.5 km/s using custom lightweight

projectiles of nylon and foam.

A third configuration, dubbed the "Monkey’s Fist" (Figure 8), is used for impact
velocities below about 150 m/s. It uses the wraparound breech reservoir, but the projectile
1s held near the muzzle end of the barrel at a distance of only | — 5 ft from the target.
Shortening the distance of projectile travel allows us to use a higher gas pressure to
accelerate the same mass to the same velocity, thus reducing the great effect of frictional

losses.

The Monkey's Fist is attached by a strong flexible steel cable to the breech plug, Its

hardened steel fingers grip the back end of the projectile while gas fills the reservoir and the

13
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barrel region behind the projectiie. A gas-driven piston is activated to launch the projectle,
loosening the grip of the steel fingers. The Monkey’s Fist system allows us to predict
impact velocities as low as 50 m/s with less than 10% uncertainty and as low as 15 m/s
with less than 20% uncertainty. In comparison, the wraparound breech system had

velocity prediction uncertaindes of 50% at 50 my/s and 75% at 15 my/s.

MOTIVATION FOR CHANGE

There has been significant interest over the last few years in stress gage validation
for both in situ and underwater stress gage packages. These packages consist of one or
more ytterbiumn or other stress transducers encapsulated within a metal jacket. A uniaxial
strain pulse of 30-50 ps duration may be required to bring the gage and its jacket into
stress equilibrium with the surrounding material. Because these gage packages are
designed to operate in regions of relativcly low stress, peak siress pulse magnitudes of

interest for gage validation are from hundreds of bars to several kilobars.

Gage validation tests at SRI International have been performed using a 16-in.-
diameter barrel Hy-O,-gas-explosion gun located at the remote test facility. Although
providing more than enough uniaxial strain pulse durations (flyer and target plates could be
as large as 24 in. in dianetcr) for gage validation tests, the facility is reladvely expensive to
operate (the 16-in.-diameter by 24-in.-long projectiles are not reusable). Our goal therefore
was to modify the 4-in.-gas gun to allow the planar impact of 12-in.-diameter plates. A
12-in.-diameter is enough to provide adequate uniaxial strain pulse duratdons for many
applications. To minimize costs for both implementing these modifications and using the

new configuration in testing, we planned to use as many of the existing 4-in. gas gun

components as possible and to design the system so that the projectile could be reused.




LARGE DIAMETER PLATE IMPACT SCHEME

The new 4-in. gas gun eonfiguration for impacting 12-in.-diameter plates is shown
in Figures 9 and 10. The projectile consists of an 18-in.-long shaft that fits into the muzzle
end of the barrel, a 12-in.-diameter by 1-in.-thick aluminum pusher plate bolted to the
shaft, and a 12-in.-diameter flyer plate. Both the pusher and flyer plate are positioned in
the target tank, with the impact end of the flyer plate located 9 in. from the target face. The
projectile shaft and pusher plate are reusable from shot to shot, while a new flyer plate is

bolted or glued onto the pusher plate,

The target, whose diameter is slightly larger than that of the flyer plate, is attached
to atarget holding and alignment fixture bolted to the floor. Velocity and tilt pin blocks

may be attached to the front of the target.

The Monkey’s Fist isused to hold and release the projectile in the same manner as
described above for lower velocity tests. Because the projectile assembly is much heavier
(as high as =20 kg) and the distance to impact shorter than in the usual Monkey’s Fist
arrangement, higher gas pressures are required to attain the same impact velocity in the new
configuration, So the steel eable between the Monkey's Fist and the breech plug was
replaced by a series of 10-ft-long by 1-in.-diameter high-strength steel rods, joined together
by connectors and pretensioned to remove the slack before pressurization.  The system
was designed to operate up to a pressure of 1500 psi (the original Monkey's Fist system

operated up to about 500 psi).

The projectile must be prevented from eompletely exiting the harrz] after impact to
ensure that the projectile shaft and pusher plate are undamaged after each shot. For this
purpose, several aluminum honeycomb disks, approximately 11 in. in diameter and 3 in.

thick, are positioned behind the target (far enough away to avoid affeciing the wave

17
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propagauon in the target during umes of intcrest) to act as shock absorbers. The first layer
or two of the honeycomb crushes on impact and stops the projectile/target mass after 1t has

traveled several inches, leaving a substantial length of the projectile shaft within the barrel.

Honeycomb layers are available in several different strengths, depending on the
mass of the projectile and the intended impact velocity. The honeycomb shock absorbers
are attached to a flange on the target tank door, and the momentum from the stopped impact
is transmitied through a massive reaction frame to 2 momentum trap bolted to a concrete

pad in the floor.

Thus far, seven tests have been performed using the new 12-in.-diameter plate
impact system. Impact velocities have spanncd a range from 13 to 42 /s, as shown in
Figure 11. The impact tilt has been . bout (.5 mRad. The tests so far have involved gage
package validations in both dry and saturated limestone. Future tests may call for the use

ot large Helmholtz-type coils on both sides of the target to create a uniform magnetic field

and allow the use of particle velocity gages.
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THE STRENGTII BEIIAVIOR OF GRANULATED SILICON CARBIDE
AT HIGH STFP.AIN RATES AND CONFINING PRESSURE




The strength behavior of granulated silicon carbide at high strain rates

and confining pressure
R. W. Klopp and D. A. Shockey

SRI Internanonal, 133 Ravenswood Avenue, Menlo Park, California 940255493

{Received 12 August 1991; accepted for publication 16 September 1991}

The dynamic Mohr—Coulomb behavior of silicon carbide (SiC) was inferred from svmmerric
pressure/shear plate-impact expenments which entail planar impuct of two SiC plates
inclined at 15° to the impact direction. The transverse velocity of the free rear surface of the
target piate was recorded using a laser Doppler velocimeter system, and the experiments

were simulated using a postulated viscoplastic constitutive model that accounts for
comminution and dilatancy. Mode} parameters were vaned until the computed and measured
velocity histones agreed. The resulis indicate that comminutien occurred soon after

loading, and thus the experiment measures the behavior of granulated material at shear strain
rates of =10% s ' and mean stress ranging from 1 10 9 GPa. A friction coefficient of

0.22 was obtained. which is abourt half the value for quasistanc compression of precomminuted
ceramic reported in the literature. The simulation results were strongly affected by the

values chosen for the fricion coefficient and yield swrengih parameters: changes in the
dilatancy, rate-sensitivity, and strain-hardening parameters had a Jesser effect

INTRODUCTION

Examination of confined ceramic targets that bave
been impacted by long tungsten rods suggests that the
comminution and granular fiow behavior of the ceramic
governs the resistancs to pcnctmtion.' A, penetrator ¢an
advance in a ceramic target that is confined on ali sides hy
stee] plates only if ceramic material at the leading penetra-
tor surface i moved out of the penetrator path. Fracto-
graphic observations of targets sectioned after ballistic test-
ing indicate that this occurs by the crushing of a small
quantity of the ceramic within about two penetrator radii
ahead of the advancing penetrator and the subsequent ow
of the comminuted materiz]l lateral to and then opposite
the direction of attack. Thus the shear strength of commi-
nuted as well as intact material contributes to penctration
resistance. Hydrocode simulations show that the mean
stress in this zone, which we shall cail the Mescail zone
after John Mescall who first deduced its existence.™’ is on
the order of the confined compressive strength of the ce-
ramic. For silicon carbide the confined comprassive
strength, i.e., the Hugoniort elastic limat (HEL), is around
13 GPa.*’ Simulations also indicate that equivalent shear
strain rates in the zone are on the order of 10°-10° s~
Thus the penetrability of armor ceramics is controiled by
their resistance to comminution and fragment flow at high
loading rates and at high compressive mean stress levels,

Computational simulations can make armor material
and package design more efficiem by eliminaung tnal-and-
error ballisdc testing. These simulattons require material
models that reflect the micromechanisms of deformation
and failure and expenmental measurements of properties
controlling these mechanisms. However, relauvely few
techruques are availabie, sarticularly for cerarmcs, to make
measurements of comminution and granular flow proper-
ties under penetration conditions. The objecuve of this
work was to perform pressure/shear plate-impact expen-
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ments on an armor Ceramic to measure the comminution
and fow properties under conditions of confining pressure
and strain rate representative of these at the tip of an ad-
vancing penetrator.

Up to now, the properties of armor ceramics have besn
measured using quasistanc and dynamic compression of
small eylinders, with or without confining stress, or using
uniaxial strain impact of plates. Heara and Cline® invest-
gated the quasistauc mechanical behavior of BeQ, Al.O;,
and AIN cylinders in axial compression with a radial con-
fining pressure and comstructed stress-strain curves and
stress-difference versus confining-stress curves. Lankford’
and Johnson er al.* performed similar tests on armor ce-
ramics, but used a Hopkinson bar apparatus to achicve
strain rates near 10° s 7', However, neither of the cylinder
compression techniques can reach the mean-stress leveis
thought to exist ahead of an advancing penmetrator. The
radial confiming stress is always well balow the axial failure
stress, and thus the mean siress is dominated by the axial
stress. Postiest examination of the specimens sbowed fafi-
ure occurred by faulting, which or a macroscopic level is a
different failure mechanism than comminution and flow of
fragments.® In the Hopkinson bar tests. reported strengths
are for the onset of failure, i.e., plastuc strains are negligi-
ble.

Johnson er al.® performed quasistatic compression tests
on comminuted SiC that was prepared by ball milling. The
daw are reported in terms of Von Mises equivalent com-
pressive stress ¢y as a function of mean stress 2. and when
converted to equivalent shear stress ry = o/ 43, asa func-
tion of mean stress and fitted with a straight line, a ficuon
coeflictent of 0.46 is indicated.

Brar and Bless® reported a bar-impact test for measur-
ing the high-strain-rate compressive strength of ceramics
and glass, Two slender, copstani-diameter bars were 1m-
pacted axially at a relanive velocity of 100-300 m/s. and
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the impact was pbotographed using a high-speed framing
camera. The photographs indicated the velocity of defor-
mation and fracture waves traveling along the target bar. A
piezoresistant stress gauge sandwiched in the target bar
several diameters fram the impact end provided a measure
of the dynamic compressive strength. Unfortunately, mean
stresses and strain rates in these tests are not accurately
known, and so the resuits are difficult to interprec.

Gust, Holt, and Royce,'® Kipp and Grady,' and
Johnson er al.’ performed uniaxial-strain shock compres-
sion and release experiments on several ceramics, in which
they recorded free surface or window interface parucle ve-
locities. Kipp and Grady constructed consututive models
by iteratively varying z proposed stress-strain path until
computer simuiations using the path reproduced the mea-
sured velocities. Kipp and Grady were able to simulate
their measurements on SiC by using an elastic-plastic
mode! adapted from metals. However, because theirs were
uniaxial strajn experiments, plasnc strains were small, be-
ing on the order of 15, and because velocities were high.
mean stresses were higher than those in the zone ahead of
a penctrator, which are on the order of 30 GPa

Klopp and Shockey'' reported shear stress-strain
curves for aluminum nitride (AIN) at a mean stress of 11
GPa and a shear rate of 1.3 10° s = ' for shear strains to
8%%. These values were obrained using the high.-strain-rate
pressure/shear plate-impact technique,'’ in which an in-

«clined Ayer plaie carrying a thin layer of specimen matenal

iopacts a similarly inclined anvil plate such that the spec-
-imen is compressed and sheared berween the plates. Before
waves arrive at the middle of the plates from the periph-
eries, and if the flyer and anvil plates remain ¢lastc while
the specimen yields and flows, an analysis very similar to
that for the Hopkinson bar applies, and a stress-strain
curve can be directly obtained for condinons like those at
the tip of a penetrator. Unformnately, this “sandwich’ test
cannot be used for the strongest ceramics, since no mate-
rials that will remain elastic (except perhaps diamond) are
available for the flyer and anvil plates.

To enabie evaluation of very strong ceramics, the high-
strain-rat¢ pressire/shear plate-impact experiment must
be modified. By tmpacting one plate of the specimen ma-
terial direcdy with 2 second plate. i, a symmetric
pressure/shear experiment (Fig. 1), both longiiudinal and
shear waves are produced in the plates, and matenal be-
havior ¢an be inferred from velocity-ome profiles recorded
in the interjor of the anvii or at its rear surface. The trans-
verse velocity profile due to shear waves 15 especially indic-
arive of the resistance of a material to deformanon at high
mean-siress levels and loading rates. Conditions such as
those at the tip of a penetrator can be produced. A draw-
back of the symmetric pressure/shear experiment is that
computer simulations are required to infer material prop-
erties from the recorded velocity mstories fer all but the
very simplest consntutive benaviors."

This paper describes two symmetric pressure/shear
plate-impact expeniments on SiC ceramic. We first descnbe
the experimental procedure and the results, The interpre-
tation of the results by numencal simulauons is then pre-
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F1G. 1. The symmetne pressure/shear expeniment.

seated and a matenial modei is proposed. Finally, the re-
sults and model are discussed in relation 1o data obtained
by other researchers.

PRESSURE/SHEAR EXPERIMENTS

Two experiments were performed usi~g plates pre-
pared from a single tile of sintered g-SiC supplied by Car-
borundum. The density of the S$iC was 3.2 g/cm’ and the
grain size approximately 3 um. Both fiyer and anvil plates
were disks cominally 55.4 mm in diameter, and the flyers
wers 5.3 mum, thick. The auvil piates for experiments | and
2 were 5.06 anw .51 mm thiek, respectively. The impact
and rear faces of the anvils were initially lapped to 2 flat-
ness of 2.5 um, with a roughness of about 20 nm root mean
square (rms). Then the rear face of the anvils was further
polished 10 2z roughness of about 6 am rms w improve
reflectivity.

The flyers were mounted at an angle of 15° oo the
leading end of 2 6-in-long eluminum projectile and
launched from SRI's 2.5-in.-bore slotted gas gun at 0.913
and 0.715 mm/us, A key on the projectile engages the slot
to prevent rotation and loss of parallelism. Before launch,
the anvil plates were inclined at an angle of 15* and aligned
to be parallel with the fiyers within 0.2 mrad, Four gold
contacts that had been vapor-deposited onto the periphery
of the plates indicated parallelisz and triggersd recording
instrumears. The impact velocity was measured using
spaced shorting pins locaied at the gun's muzzle. Impact
occurred in an evacuated tank to reduce the lubricating
effect of gas wapped between the flyer and anvil.

In previgus pressure/shear experiments performed on
metals, the transverse motion of the anvil rear surface has
been measured using either a transverse displacement
interferometer (TDI) or two VISARs.'® The TDI re-
quires a diffraction grating on the anvil rear surface, but
because of the fragility of polymer diffraction gratings and
the difficulty of eiching gratings directly into the ceramic,
the TDI could not be used for these experiments. Although
the VISAR techmque could probably be used, we chose
instead to adapt a laser Doppler velocimeter (LDV) sys-
term, commonly used in fluid-mechanics experiments, to

R. W, Klopp and . A. Shockey 7119



F1G. 2 The laser Doppler veiocimeter (LDV) system.

these shock-physics experimemts (Fig. 2). In this system
two parallel laser beams pass through an objective lens that
focuses them and causes them to intersect and form an
ellipsoidal mensurement volume. Within the measurement
volume, the two miersecting heams interfere and form a
pattern of equispaced bright and dark planar fringes. As a
light-scattering ohject moves transversely through the mea-
surement valume, the scattering intensity is moduiated hy
the fringes. When the object moves at a constant velocity,
the scartered light intensity history is sinuscidal. Since the
fringe spacing is fixed by the laser wavelength and heam
intersection angle, the modulation frequency gives the
speed of the scattering object. The fringes in the measure-
ment volume are parallel to a plane that contains the bi-
sector of the beam intersection angle and 15 perpendicular
to the plane of the intersecting beams. Thus, if the hisector
is made 1o be perpendicular to the surface of a solid target,
the modulation frequency will be insensitive to the norral
motion of the target. Another attractive feature of the sys-
tem is that the results are independent of the condition of
the anvil rear surface, provided that this surface scatters
light towarc: the dutector and the reflectivity changes rela-
tively slowly so as not to be confused with intensity
changes due to motion through the fringes.

In our system the 514.4-nm argon-laser beams were
spaced 52 mm apart before entering the objective. The oh-
jective had a focal length of 800 mm, giving a fringe spac-
ing of 7.9 um. The measurement volume was about 130 um
in diameter. The scattered light was collected through the
center of the objective lens and converted to an electrical
signal with a phatomultiplier tube (PMT). We found that

7320 J. Appl. Phys., Vol 70, No. 12, 15 Cecemper 1991

TABLE I Expenment parameters.

Expenment | Experiment 2
Impact veloaty (mm/us) 0913 ons
Shew angle (deg} 15 15
Tilt (rovad} 16 06
Anv tuckness (mm) 5.06 5

the rear surface of the target (which had a 6-nm-rms fin-
ish) bad enough scratches and pits to scatter light and
provide measusahie signals.

The electrical signal {rom the PMT was amplified and
split so that kalf could be recorded directly and the other
half processed with a [0-MHz high-pass filter (o remove
meaningless large, lower-frequency excursions. Signals
were recorded on 250-MHz-bandwidth analog oscillo-
scopes. The trapnsverse velocity was determined by measur-
ing the tmes of the peaks and vallevs of the sinusoidal
signal, We divided the displacement herween consecutive
peaks (7.9 um) by the time between those peaks 10 deter-
mine the velocity history.

Paramezters of the two experiments are given i Table
I, and the oscilloscope traces and transverse velocity his-
tories are shown in Fig, 3. Where the sinusoid is elear and
has reladvely constant frequency, such as in experiment 2,
the velocity 1s known to within = 59.. Where it is not
clear—such as near wave arrival and near imes when scat-
terng objects enter or leave the measurement volume—the
uncertainty is greater. For example, the uncertainry is
nearly 100% between 0.80 and 0.90 us in Fig 3(a) (ex-
periment 1), where the LDV sinusoid contains a segment
of bigh-frequency, low-amplitude aoise, presumably
caused hy the ahsance of light scarterers in the measure-
ment volume. Similarly, the uncertainry is at least 50% at
1.05 us, where the phase of the LDV signal suddenly
jumps, presumahly as a rasult of scatterers entering or leav-
ing the measurement volume. We believe that in expen-
ment | the transverse velocity was around 0.17=0.03
mm/us and probably steady between 0.4 and 1.2 us.

ANALYSIS

We used an iterative computational procadurs to de-
duce the stresses and strains within the anvil plates from
the measured rear-surface transverse velocities. In this pro-
cedure we propose a material model with associated pa-
rameters and simulate the experiments with it. If the cal-
sulated transverse particie velocity histories match those
measured in the experiments, then we suggest that the
model is appropriate—at least for the conditions in the
experiments—and correctly infers the histories of stress
and strain within the anvils. This iterative procedure has
been often applied. Examples include the Taylor test, in
which a constiturive model is varied until the computed
deformed rod profiles match those observed;!® shock-com-
pression and release experiments, in which a loading path
is varied until computed and experimental particle veloci-
ties agree.* and previous symmetric pressure/shear exper-
iments on metals. )’

H. W. Kiopp and D, A, Shockey 7320
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FIG. 3. LDV oscilloacope records and measured and computed transverse
velocity hiswnes.

For this project we simulated the pressure/shear ¢x-
periments following the amalysis of Abou-Sayed and Clif-
ton for aluminum.'’ However, we expanded their analysis
to include dilatancy, comminution, and mean-stress-depen-
dent yielding, because these phenomena are thought to be
important in the fow of ccramics. We consider the speci-
men as an infinite piate normal to the x axs, with x =0
being the impact face, and the y axis extending in the di-
recion of the imposed transverse veloeity. Considering
symmetry and that the motion is independent of the y and
z coordinates, there is no motion in the z direction (z-
direction velocity w = 0), and the shear stresses g and
a,, must he zero. Furthermore, if the dilatancy is isotropie,
then we can show that the in-plane normal stresses are
equal (o, = o). Thus there are five unknowns: the nor-
mal velocity u, the p transverse velecity v, the normal
stresses O, and o, and the shear stress o, The governing
equations include the momentum equation, the compati-
bility equation, and a constitutive relation. These equations
can be combined to yield the five neccessary to find the
unknowns.

We use the constitutive framework developed by
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Perzyna," in which the total strain rate is additively de-
composed into elastic and plastic parts and the plastic part
is determined by the overstress (the difference between the
applied equivalent stress and the curreat yield equivalent
stress ). The resulting constitutive equation has the form

14w

éu;= —'E,_‘

: Y s =y af

a:j- E‘sljakt+ (é("r JP»D)> _a";ur (I)
where £, is the total strain rate, v is Poisson’s ratio, £ is
Young's modulus, §; is the Kronecker deha, p
= — gu/3 is the negative of the mean stress or hydro-
stauc pressure, ¢ is the equivalent plastic strain rate, 7 is
the effective shear stress, ¥ is the equivalent plastic shear
strain, D 1s the amount of comminution, and f is a flow
potential. The effective stress is given in the usual way in
terms of the deviatoric stress, S, = 0; = §,04u/3:

":= (%S:fsui):/:n (2)
and the equivalent plastic shear swrain is defined as

- 3

= [ @ 3)
The hracket funetion (@) is defined such that

4y [0 for é<o ' .

<')_l¢. for ¢>0. 62

The first two terms on the right-hand side of the constitu-
tive equation (1) determine the elastic part of the strain
rate and the third term gives the plastic strain rate,

Following Rudnicki and Rice,'® we define our flow
potential o be

r=tsspe Lo, (5)

where 8 is the so-called dilataney, which is defined as the
increment in volumerrie strain resulting from a unit inere-
ment of plastic shear strain.

The experimental results of Heard and Cline® and
Lankford’ for AIN and AlO, and of Johnson er al® for
SiC show rather weak elevation of the overstress with in-
creasing strain rate. Thus we choose the overstress to he
proportional to the logarithm of the plasuc strain rate,
such that

¢___}:E :,'_,:_y l/m &)
‘Js“"[( o ) ] (

where 7, is the equivalent shear yicld stress and ¥, 7o, and
m are constants.

We choose the equivalent shear yield stress to depend
on the mean stress, amount of comminurion, and strain
hardening:

A -
Ty=F(PnD)Ty0+ 3‘)}, (7)

where £ is the mean stress-damage function, & is the tan-
gent moduius of a uniaxial stress-strain curve, and 7 Is
the initinl shear yield stress at atmospheric pressure. As the
material changes from an intact to 2 tully comminuted

R. W. Klopp and O. A, Shockey 7321




state, D goes from zero to ¢ne and F simultaneously
changes from a form appropriate to undamaged matenal
(Fy) to a form appropriate to comminuted material

(Fp):
F=(1~D}Fy+DFp (8}

The function Fy is chosen so that the vield stress
smoothly inereases with mean stress up through the HEL
point:

1, for p<pp
THEL — T =
FU= ___“_E_L__;_ I-CKP — i—.—-pn—- _2_1.
roll —e™’) PuEL — Po
for g>pp
(9}

where 7yg; and pyp; are the shear yield stress and mean
stress. respectively, at the Hugeniot elasue limit and py is 2
constant.

The function Fp is chosen so that, below a limiung
mean Stress, yield stress varies linearly with mean stress
according to Mohr-Coulomb behavior. Above the limiting
mean stress, the yield stress is assumed to be constant. The
limiting mean stress is chosen such thar the shear strength
cannot exceed the theoretical strength (chosen to be G/20,
where G is the shear modulus):

il ,  for p < Pm
T
Fp= Q14
—_ 1 ,
07" Of U2 Pmax

where p is the Mohr—Coulomb friction coefficient and
Poas =G /200,

The amount of comminuton, D, is initially zero and
increases toward onc if the square root of the second in-
variant of the roral stress [, = Ja,?a',j/z exceeds some con-
stant limit Jy,p- The rate of increase of D is proportional to
the amount by which [, exceeds [, Thus

: I — i)
D= (__‘_:._lﬂ_(l - Dy,
PCiig

where p is the densitv, ¢, is the longitudinal-wave speed,
and Iy is 2 time constant. The choice of I, as the dnving
force for commnunution is based on the notion that even
purely hydrostanc loadings comminute ceramic. Hydro-
staric loading causes comminution because neghboring
prains often have different erystallographic orieutations
and thus have differant strain fields as a result of anisot.
ropv. Cracks form when stresses necessiry to enforce com-
patibility of these straw ficlds across gramm boundaries ex-
ceed some failure stress.

Coanstizutive equations { 1)-(11} are combined and, to-
gether with the momentum and compatibility equarions,
are rewrirten as equations along characterstics. We solved
the equations using a modificanon of the method of Ran-
ganath and Clifton " The boundary conditions for the an-
vil plates are that .ae rear surface is traction free and the
impact face bas an imposed velocity of one-half the impact
velocity.

an
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RESULTS

The solid lines in Figs. 3{a) and 3(b) arc the free-
surface transverse velocity histories for the two exper-
ments, computed using the parameters in Table I The
computed histories follow the measured histories reason-
ably well, Figure 4 shows the mean stress 2 as a functon of
position through the anvil (as a percentage of the anvil
thickness) at various umes. Similar plots for equivalent
plastic strain rate &, equivalent plastic strain 3%, and com-
minution [ are shown in Figs. 5-7. The travel of the lon-
gitudinal waves through the anvil to the raar surface and
back is readily apparent. At 0.913 mm/us, a large portion
of the specimen sees a mean stress of about 9.2 GPa before
dropping to rougnly half that level At 0.715 mm/us, the
mean-stress wave front is less sharp, rising to a peak level
of about 7 GPa before dropping by half. Less of the spec-
trnen reaches the peak mean-stress leveis in the 0.7135-
mun/ps simulauon. From Fig. 5 it1s clear that plastc shear
strain rates of the order of 3x10° s~ ! are achieved, al-
though these rates are sustained for only a short duration
at any given Jocation, Figure 6 shows that the cumujative
effect of those strain rates are plastic shear strains of 5.3%
and 1.6%, respectively, at the impact faces. and 6.5% and
4.3% peak levels, respectively, for 0.913.- and G.713-
mm/us impacts. Figure 7 shows that the comminution
level D rapidly approaches | in the interiors of the anvils
for hoth impacts, and comparison with Fig. 5 shows that
this vccurs before the peak in stran rate. Thus the majonity
of the deformation takes place in highly comminuted ma-
terial

" DISCUSSION

The results of experument 2 (0.715 mm/us) are rela-
tvely unambiguous. The transverse velocity time record
{Fig. 3(b)] loocks similar to those reported previously for
rocks and metals, although the initia] plateau followed by a
later rise is more reminiscant of the double-wave structure
seen in longitudinal waves. This double-wave stfucture

TABLE [I. Simulatien parameters.

Density (kg/m*) 2 3.2
Longtudunal-wave speed (mmsus) <) .1
Shear-wave speed (mm/us) £ wa
Initial vield stress {GPa) Ty 10.0
Fricuon coefficient K 0.23
Shear modulus (GPa) o 164.0°
Poisson s rano v G.14%
Mean stress at HEL (GPa PusL 6.8"
Shear stress at HEL (GPa THEL e
Square root of second stress invanant [ R
M damage limi (GPa)

Stramn-rate constant (s~ '} Yo 3.0
Shear stress constant (MPa) o 1.5
Stram.raite power m =0
Pressure constant {GPa) P 1o
Time constant {ns; in 10
Hardeming modulus (GPa) 4 100

*Reieccence 24,
"Reference 4.

R. W. Klopp and D, A. Snockey
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FIG. 4. Computed mean stress as a function of posidon within the anvil,

may result from strong coupling between the shear and
longitudinal waves, which would provide evidence that the
flow stress of comminuted SiC is controlled by the mean
stress. We could investigate this issue further hy perform-
ing experiments in which the anvil thickness varies widely.
If true double waves are present, the lengths of the plateaus
separating the waves will vary with the anvil thickness.

Because the transverse velocity record of experiment 2
has a piateau structure and the velocity is well helow that
expected if the SiC were elaste, we infer that the SiC
yicided If the SiC had remained elastic, the transverse
velocity would have jumped to a level of 0.185 mm/us
upon shear-wave arrival. The normal stress would have
been 12.0 GPa, the in-plane normal stress 1.95 GPa, and
the shear stress 2.09 GPa. The equivalent normal stress
wotld have been 10.4 GPa This value is below the value at
the reported HEL,*? i.e., = 13 GPa. Thus we can conciude
indcpendently of the simulations that the SiC appears to
have vielded at an equivalent stress near, hut helow, that of
the HEL. We do not know if the S5iC would yield at even
lower stress levels. Rosenberg, Yeshurun. and Brandon®
have reported evidence of plasticity in Coors AD-85 alu-
mina loaded below the HEL. whereas Rosenberg, Brar,
and Bless™ found no evidence of plasticity in porous or
nonperous B,C loaded below the HEL.

Plots of shear stress as a function of mean stress from
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the simuizations, that is, loading paths for materiai elements
in the anvil, do not present a very clear picture of the
response of SiC to high-strain-rate, high-mean-stress load-
ing, because the plastie strain, strain rate, and comminus
tion all vary simultaneously. A clearer picture emerges if
we plot the response of the model when constant values for
plastc strain, strain rate, and eomminution are assumed.
The response of the model at two extremes, (1) a strain
rate of 10° s~ and strain of 0 and (2) a strain rate of 10°
s~ and strain of 0.04, both for a comminution of 1.0, is
shown in Fig. §. Also inciuded in this plot are the data of
Johnson er al® for intact and powdered material and that
of Kipp and Grady for intact ceramic. From this plot we
conclude that the inferred response, i.e., the flow strength
ar a given pressure, is softer than even the response of
powdered marerial at quasistatic loading rates.

In the simulations the response is only transiently af-
fected hy the properties of the intact ceramic, as czn he
seen by the steep front and high speed of the comminution
wave as it traverses the aavil (Fig. 7). The effects of the
intact ceramic are transient because the comminution time
constant (ry) is only 1.0 ns. The response is dominated by
the friction coefficient {u = 0.23) and the combination of
parameters that determine the overall Aow stress (1
= 1.5 MPa, $,=3.0+"", and m =2). Varying the dila-
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. ¢ (B), ratesensitivity (¥o./m), and strain-hardening
{h) parameters while keeping the friction coefficient and
overall flow stress constant has a lesser effect on the results.
A, short relaxation time seems reasonahle when one con-
stders the high wave speeds and short crack propagation
distances involved in comminution. The value p =023 is
below the range 0.4<u<0.9 quoted by Rudnicki and Rice'’
for mineral-on-mineral sliding and is one-half the value
obtained by Johnson et ai.’ on precomminuted SiC.

‘We suggest that the reason the flow strength at a given
pressure is less than that measured in cylinder-compression
and uniaxial strain plate-impact tests is that plastic strains
in the larter tests are of the order of 19 or less, whereas
plastic strains in our tests were 4.5%—6.5%. Such large
diffarences in plastic strains imply large differences in the
amount of fragment shiding that has occurred and the
amount of concomitant interfragment debris that has been
generated, Interfraginent debris might tend 1o act as rollers
hetween the fragments. Shear localization in the pres-
sure/shear experiments might also account for the low in-
ferted strength. Indeed, numerical overflow of the plastic
strain rate occurred in the simuladons when impa.t veloc-
ities much above 0.913 mm/us were input.

The reason that the flow strength we inferred is less
than that measured quasistatically on hail-milled SiC hy
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Jobnson er al.* mjght be the differencas in fragment sizes,
shear localization, strain-rate effects, or the fact that our
mean stresses were an order of magnitude higher. At high
strain rates, fragment interfaces could meit if frictional
heat builds up there. At high mean stresses, interfragment
debris would form more readily than at low stresses.
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Our simulatians show clearly that the 3iC specimen
experiences a range of mean stresses, strain rates, and shear
stresses, all of which contnbute to the wave proiile re.
corded at the free surface. Thus 2 simulation that ade.
quately reproduces expsnmental results requires a material
model that is effective over a relatively broad range of
conditions. We have not vaned the model parameters
widzly and thus do not know whether other combinations
of mode] constants would give the same results or whether
a Mobr~-Coulomb maodei ts the only appropriate one, To
reduce the uncertainty, more expenments with different
anvil thicknesses, impact velocities, and skew angles are
reguired. However, we believe the model reasonably rep-
resents the scresses within the anvil, because the model
reasonablv reproduces velacily measurements at the anvil
rear surfacs. However, extrapolation from the test condi-
tions should be done with caution.

The results of expeniment 1 (0.513 mm/us) show two
disturbing features. First, the shear wave arnved late 50
that the ftee surface did not attain a high transverse veloc-
ity unul well after it was expected to. The late arpival
suggests that the impact faces initially slipped hecause they
were lubricated by gas that leaked past the projectie. Two
cilier picces of evidencs that suggest gas leaked ahead of
the projectile are the large (36 mrad) tilt and the fact that
the target was moving, albeit slowly, before impact. In the
absencs of gas leakage (presumably the case for experi-
ment 2}, we belicve that the impact faces would not skip.
Omne reason is that the maximum possible rato of shear
stress to nommnal stress for a 157 impect, obtained assuming
the plates remained elastic, is 0.17, which is below our
inferred fnicnon coefficient of 0.23. Furthermore, in cxper-
iments on metais, slippage only occurred for impact angles
apove 23" (Ref. 12) and was associated with a sudden drop
in rransmitied shesr stress.

The second disturbing feature of experiment | is the
oscillation of the transverse velocity. If the flver and anwil
remained elastic or if the longitudinal and shear waves
were otherwise upconpled, the velocines narmal and trans-
verse [0 the anvil rear surface would remain constant after
the iniual transient arnved, because the anwvi] is thinner
than the flver. Ws have not sesn unsteady behawior re.
poried for sumilar tests on metals or rocks. Itis probably an
artifact of scattering objects moving i and out of the LDV
measurcment volume. Ths effect 1s known to give false
indications of tarbulence in flud anemometry.** The be-
havior may be an indicaven of stick-siip of the impact faces
or of heterogeneous cracking of the anvil. If moving cracks
emitted waves that traversed the measurement volume of
the LDV, then the transverse velocily would have been
perturbed. If we had measured the transverse velocity at
wwo locations, we could tell whether the oscillations were
due to a phenomenon that was uniformly disinbuted over
a plane parallel to the plates, such as stick-slip, or to phe:
nomena that were heterogencously distmbuted, such as
fractuning and LDV a—nfacts.
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CONCLUSIONS

Comminuticn of sintered silicon carbide under shock
loading oceurs at a stress level slightly below the HEL, The
strength of the highly communuted material increases
monatonically with mean stress (confining prassure) in the
1-% GPa range and is three to six umes less than the
strength of uncomrminuted material. The strength of com-
minuted material at high shear strain rates (10° s %) is
significantly lower than at quasistatic rates and may result
from rate dependence of interfragment frction. The fric-
tion coefficient of 0.13 inferred from the pressure/shear
experiments reported here is smaller than that reported for
quesistatic mineral-on-mineral sliding by a factor of 2—4.

A laser Doppler velocimeter is a viable cost-efective
alternanive to the transverse displacement interferometer
and the VISAR for measuning the wransverse motion of the
rear surface of shock-loaded ceramic targets.

A simple nonassociated conunuum model that in-
cludes dilatancy, rate dependence, and a one-parameter
measure of the extent of comminution reasonably describes
the measured results.

Using the expenimental measurcements and model, we
have demonstrated a method for deducing flow properties
of a fragment bed under high strain rate and confining
pressure.
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Sumnuary —The mechanism by which a long rod penetrates a steel.epaised ceramie bloch was
sought by performing impact expeniments gt 3 range of veloemes snd exvinmming the frcture and
detormation im the recovered tirpets and impactors. The ke processes are the erushing of a small
volume of ceramig adjacent to the leading surliee ol the advaneing penecracer, and the subsequent
Mow of the fine fragmenss lateral 1o and then opposite the duwection of attack, The resulls suggest
that nonconventiona maternl properties sueh os the dvnanie comipressive Laulare energy and the
friction. flow and abrasive properties of the linely fragmented materutl govern the penctration
reststance of confined ¢eramies, This understunding of pencranon mechamsms can be used to
gutde development of specuthzed tests wnd farlure models 1o measure pertinent matenal properies
and 1o predwct penetration behavior, respectively.,

INTRODUCTION

When ceramie plales dre used as overlays or incorporated as a laver within conventional
monolithic steel armor, the bailistic protection is significantly enhanced [13. This finding
has encouraged the usz of ceramics as a component of advanced armor structures and has
motivated researchers to identify materials and structural configurations that maximize
bailistic performance,

The design of current ceramic armors is based predominantly on empirical ballistic
performance data. Test firings using the threat of interest (long rod, shaped charge jet, or
small caliber ammunition} are conducted against armor specimen: in which ceramic
component parameters, such as type of ceramic, thickness, and spacing of plates, are varied
independently and systematically, The combination of parameters that produce maximum
hallistic protection is determined from test resubts and used to design the armor package.
This procedure is lengthy and expensive, and because the number of potentially influential
material and geomeltry variables is large, a comprehensive test matrix 1s not practical and
so 1t is doubtfu] that armor packages affording optimal protection are attuined.

A more ¢fficient procedure is to corabine experiments with computational simulations
of experiments. Computations of the ballistic behavior for various impact conditions und
target geometries indicate which target parameters are important and suggest combinations
of target puarameters that will give favorable performance. A limited matrix of bullistic
experiments based on these guidelines are performed. The results are used to modify the
models and the code: then a second generation of computational simulations is conducted
and used to design a second set of test fings. This procedure is repeated until an armor
nackage with acceptable perforinance s ohtaned. The reduction in the number of required
test firings reduees substantially the expense and ume required to attain a suitable armor,
and the understunding gained promotes optimum arnmnor design,

Implementation of the iterative computational, experimental procedurc, however, re-
quires reliable models for the microfailure behavior of ceramics and penetrators under
penetration conditiens. These models should be based on an understanding of the fuilure
phenomenology during penctration. In particular, the material properties governing
penctration resistance must be known., Unfortunately, conventional material properties
such as fructure toughness, strength, and hardness correlate poorly with penetration
behavior [ 2, 3], suggesting that under the complex, high-rate, multiaxial lowd produced
by the penctrator one or more nonconventional muterial propertics control penetrition,
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The goal of the work reported here was to establish the fmlure phencmenology of
confined ceramic targets and impacting long rods doring penetrition, and o deduce the
ceramic properties governing penetration resistance. Qur approsich was to perforn impact
expenments on confined ceramic specimens at several velocrtios to produce damage raaging
from incipient to severe. Very carly stages of dinnage were studicd by performing
experaments with low veloeity spherical particles. From fractograplic and metallographe
examination of the targets and rods after impact, we inferred the failure mechamisms and
speculate on the properties controlling penetration behavior. The stndy was anned at
ceramics as a class of materials and sought a qualitative understanding of penetration
phenomenology to provide the basis for a computational model: thercfure. experiments
were performed on a vanety of ceramics and details of microstructure and mechanical
properttes of the individual materials are not presented.

ROD IMPACT EXPERIMENTS

Tungsten -nickel-1ron rods, 0.770 mm n dwmeter and 7.70 mm long, having hemi-
spherieal noses were uccelerated in a powder pun to desired veloeities in the Q8- dkm s~
range and eaused to impact & steel-encased block of ceramic at approximately zero degrees
obliquity (Fig. 1), Ceramies investigated ingluded Al.G,, $iC, B,C and TiB,.

After the impact event. the target assemblies were carelully removed from the mounting
fixture and placed on the floor of the bunker with the impact surface facing up. A
two-component epoxy was poured into the hole on the front cover plate to fill the crater
and run into the cracks in the ceramic, This procedure was intended to strengthen the
fructured ceramic block so that the confining steel could be removed and the ceramic block
could be sectioned without crumbling of the fractured ceramic, We found in later

Lataral
Confinemant
-i- piy
Rear
Cover | Continemarnt
Piatg = il Plate
e il
v
[ Lang Rod Peranator )
Cerame —f | o
Block
l —_
[EEE--——
25 mm
AA-M7525 6

Fi; 1 Arrangement for rod impact expenments




Failure phenomenology of confined ceramic targets 265

B
! i i vapea - c A SRS
T, g
5 Pl -
F
B [
icm
TiB2
(a)
flaco o ] Section AA Section BB .
1cm Tem
B4C TiB;
(b}
AP-3345-28

FiG. 2. Rear surface crack pattern (a) and crack patterns on cross-sections (b} in targets of B,C
and TiB,.

experiments that impacted targets were often strong enough to be disassembled, sectioned.
and even wafered without infiltration of epoxy.

The front surface of the ceramic block and the inside surface of the steel cover plate
showed a starburst pattern of linear markings radiating outward from the impact site.
These markings were produced by ceramic and tungsten rod fragments originating near
the leading edge of the penetrator.

All ceramics tested exhibited qualitatively similar cracking patterns; however, the
numbers and sizes of cracks generally differed. The crack patterns on the rear surfaces of
a B,C and TiB, specimen impacted at 0.8 km s ! are shown in Fig. 2(a). Two main types
of cracks are evident: circular cracks and radial cracks. Three to four dominant circular
cracks were observed in both ceramics; however, approximately 50% more radial cracks
were produced in the B,C (23 cracks) than in the TiB, (15 cracks). Fracture damage was
heaviest in both materials in a region directly beneath the impact site.
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A diamond saw was used 10 eut through the erater centers v a plane contanung the
mpact direetion. Cuatung the ceranue htock was difficult. The diimond wheel wore out
quichly and stopped cutting about hadfway through the hltoek., The wheel needed to be
redressed several tmes hefore the sectioning was completed,

Orthogonal views of the craters and crack patterns were obtamed on the as-sawn,
uapolished section surfaces. These surfaces for a B,C and a TiB. specimen are shown i
Fig. 2tb). Crater size was greater in the B,C. Matenial directlv heneath the erater i the
TiB, specimen remained intact, prohahly because of the triaaial compressive stress state
and the higher compressive vield strength of Tild,. Ac higher velocides resultng m deeper
rod penetration, the matertal m advance of the tip of the penetrator was crushed to a e
powder. Similiar dimage patterns were ohserved m ALO, and SiC targets.

The views m Frg. 24b) show that the cirenlar cracks in Fig. 2(a) are traces of cracks that
ran outward at anangle from the impact site. The resulting cone configuration corresponds
1o the Hertzian cracks observed in the particle impact experiments reported in the foltowing
section and ohserved by others i ceranmues and glasses under static indentation and particle
impact [4. 8] The Lateral cracks Iviog roughls parallel to the sarfice apparently formed
after the cone cricks, stnce they ire discontipuous across the cone cricks. Thus, lateril
eracks may he prodoced by tenste stress waves refleeting from the specimen houndaries
ar hy later untoading of the target. Radial cracks are not revealed on cross-seciions
containing the impact direcuon,

In several mstances, tungsten fragments were observed lodged between faces of Henzin
cone criacks. That these fragments were not moved into the cracks hy the secttoning
operation was confirmed be computed tomographv results that slrowed fragments in cracks
m unscetioned speamens. Such abservations sugpest that debrisemaniing from the eroding
end of the penctrating rod can have o sigmficant forward velocity component. These
ohservations support the premise of Hauver [6], who ohserved tungsten Iragments m
advance of the penetrator in X-radiographs of ceramie blocks during impact by tungsten
rods.

Loose fragments produced in the impact experiments were collecied for examinaton,
The stze distrihution of the colleeted fragments was determined by a sieve anulvsis (placing
the recovered fraginenis on e topmost of a stack of saccessively finer sereens and vihrating
the stack for 1 h). We separated ceramic fragments from penetrator fragments by passing
a strong magnel over the sieved [ragments and extracting the shghtly magnetic tungsien
alloy fragments from the ceramice dehris,

Figure 3 shows the fragments of SiC oretained on sereens with various mesh openigs.
Fragment shape did not vary substantially with fragment size: aspect ratios ranged from
I -ca 3. Fracture was predominantly transgranular rather than intergranular. Differences
in fragment stze distribunions for the four cenamic materials were small over the entire s
range. Figure 4 compares the distnbutions for three ceramics in the 2 -4 um size runge.

In higher velocity eaperiments, o which the rod penetrated 60-100 mm, the crushed
ceramic maternal produced at the leading edge of the rod flowed around and behind the
rod closing the hote made hy the rod (Fig. 5). So well consolidated were these ine fragments
that no Irments were foosened dunng secttoning and individinal fragments were not casily
discernible by tigh magmicanon examination. Hardness and scratch tests indicated
sirengths of the comrpacted powder comparahle to that of the unmipacted matenal. In g,
3, the pencirtor has stopped just short of the rear confinement plate.

The debris from several targets was searched for distal portions of the penetrator. Disal
porions ranging i length from 3 20 mm were found {Frg, 6021]. Proaumal ends had erther
i mushroom slape or a sharpened penetl shape. We speeulate that o penetrator tup may
alternate shapes herween that of 4 mushioom and a pencil point several times during
the penetration progess. Initaliy, we expect plaste deformation of the teading edge to
produce a mushroom shape, The mushroom zone then shears away on roughly a 43
conus, producing a pencil pomt. The pencil pomnt then deforms plestcally and the up
acquires a mushroom shape apan: this mushroom shape becomes unwietdy and shears 1o
4 penctl pomt. Tlis alternating shape chunge contnues unul penctraiton ceases. The
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891-2794 um

RP-7525-9

FiG. 3. Fragments from a SiC target retained on screens with different mesh openings.

proximal end surfaces of all recovered penetrators were faceted and gouged, suggestive of
shear failure. The lateral surfaces were unscored,

Polished and etched cross-sections on planes containing the rod axis revealed that the
tungsten particles in this sintered alloy retained their original roughly spherical shapc
everywhere except near the proximal failure surface. Adjacent to the failure surface, the
tungsten particles were greatly elongated, often to aspect ratios of 5 or more. Particle
distortion decreased with distance from the failure surface, rather gradually (over a distance
of about 4 mm) in the mushroomed region. Thus, the distribution of deformed tungsten
particles provides a map of the plastic strain field in a penetrator.

Tungsten fragments extracted magnetically from the debris ejected from the impact
surface were also examined with a scanning electron microscope. Failure surfaces and
etched cross-sections suggested that fragment formation was by localized shearing of the
microstructure, in accord with observations on distal penetrator ends. Tungsten particle
distortion in the fragments, however, dccreased abruptly (usually within about 300 ym)
from the surface of fragments [Fig. 6(b)].
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We computationally simulated the expeniment depicted i Fig. 1 using a two-dimensional,
Lagrangian fimte difference code, The results provided an estimate of the distribution and
time variatten of the stresses and strains produced in the ceramic target by the impacting
long rod before failure occurred, and assisted in the interpretation of the fructographic
obscrvattons,

PARTICLE IMPACT UEXPIRIMENTS

Low velacity particle impact expeniments were performed to study incipient stages of
mmpact dumage. The evolution of fracture damage was estabhished in hot pressed (HI?)
sihicons nride by acceleratng single solid spheres of tungsten carbrde (WC) or steel onto
the pohished surfaces of smabl plite specimens of HP SiyN, at a 90 angle [7]. Particles

l were aceelerated to velocites from 16-368 m s ™! by filling the gun chamber with nitrogen
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(a)

F16. 6. Distal portions of tungsten alloy rods recovered from Lallistic experiments {a) and pohshed
and etched cross-section showing deformauon of the microstructure (h).

gas to various pressures, then suddenly releasing the nitrogen by rupturing a disk. The
diameters of the WC spheres were 1.6 and 2.4 mm; the steel spheres werc 2.4 mm in
diameter. Impact and rebound velocities were recorded with photomuitipliers. Photo-
multiplicr records aiso showed whether particles remained intact or frugmented after impact.
The specimen fracture dumage was studied by optical and scanning electron microscopy
of impact surfaces and polished cross-sections normal to the impacted surfaces.

The impact tests caused several kinds of eracks, small craters and fragmentation in the
target plates and eventually plastic deforrnation or fracturc of the impacting spheres. Targets
sustained no dumage at impuct velocities below 17ms™', at which point ring cracks
appeared. As impact velocity increased. the damage progressed to cone cracks. an inelastic
impression, radial cracks, luteral cracks, and median-vent cracks. Ring cracks, as shown
in Fig. 7. are circumiferential cracks that extend less than a millimeter beneath the surface.
As the impact velocity incrcased. more and longer ring cracks formed [Fig. 7(b)]. The
ring cracks are similar to the Hertzian ring cracks formed under quasi-static loading [&8].
The surfuce ring crachs that start approximately normal to the specimen surface veer
outward at various angles up to about 75 from the vertical to become Hertzian cone
cracks [9]. As the velocity increases, additional cone cracks form botlr inside and outside
the existing damage umbrella, and the innermost cone grows several millimeters in depth.

An inelastic impression and radial cracks {Fig. 7(¢)] seemed to form at the same time
in the failure sequence. As the impression deepened with nereasing velocity, the radial
cracks grew in hoth size and number, although only 4 small number (8 or 9) of the radial
cracks grew to several milhmeters [Fig. 71d)].
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C) 5)

(c

F1G. 7. Cracks on the surface of HP SiyN, caused by impact of 2.4 mm diameter tungsten carbide
spheres at velocities of (a) 19.5ms™? (b)46.2ms™ ' {£) 97,7 ms" ! and (d) 159 ms™'.

Figure 8 shows the internal damage and the extent of growth of the various cracks below
the specimen surface. The nucleation and growth sequence of the ring/cone cracks is
illustrated in Figs &(a) and 8(b). Under increasingly severe impacts, cone cracks seemed
to cease growing; instead, two new types of cracks were created, as shown in Fig. 8(c).
Lateral cracks nucleated internally near the contact center and ran approximately parallel
to, and eventually veered toward, the impact surface of the specimen, Vertical cracks
initiated internally in the region within the innermost cone crack. These latter penny-shaped
cracks are similar to the median-vent cracks observed by Evans and Wilshaw in quasi-static
indentation experiments on ZnS [8]. Observations with polarized light showed that a zone
of densely microcracked material, approximately spherical in shape, was formed beneath

—
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FiG. 8. Seclional vicws of subsurface crucking palleen it HP Si,N, impacted by 2.4 mm diameter
sicel spheres at velocities of 36,4 m s~ fw)and 231 ms™ ! {brand by a 24 mm diameter tungsten
carbide spherear 231 ms ™! (e

the contact area, Zinc sulfide impacted by 0.4 and 0.8 mm WC spheres exhibited a similar
microcracked zone {10].

Impacting steel spheres, which are softer than tungsten carbide, caused only ring and
cone cracks and introduced little additional damage above 300m s™!, at which velocity
the particle failed by plastic deformation. This limit on the daemage inflicted on the ceramic
occurs because the particle cannot exert a pressure on the ceramic greater than the particle’s
yield strength. Since the yield strength of the steel is less than the pressure required for
inelastic deformation ol the ceramic surface, higher velocity impacts only result 1n more
deformation of the steel sphere.

FAILURE PHENOMENOLOGY OF THE PENETRATION PROCESS

The picture of the penetration process that begins to emerge from these observations
and consideration of the initial stress history is as {ollows,

Caleulational simulations of a tungsten alloy rod impuacting a target as in Fig. | at
1600 m s~ ' show that at the instant of impact. a shock wave with an amplitude of several
hundred kbars is gencrated at the impact site, Radiul divergence and plastic flow and
fracture in the steel cover plate quickly and drastically reduce the stress so that the strength
of the shock that passes tnto the ceramic is below the Hugoniot elastic limit. Thus, the
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initial shock wave is not expected to condition the ceramic. A steady-state ramp wave
{ollows the shock. loading the ceramic material at the tip of the penetrator to a maximum
compressive stress of about 50-60 kbars. The ceramic initially resists the stress in the ramp
wave and cxerts large stresses on the tungsten rod. which may deform, fracture or be
deflected.

Ceramics are substantially stronger in compression than in tension, and consequently.
the tensile strength of the ceramic is exceeded at the impact surface near the rod periphery
and tensile fracture begins to occur soon after impact. The stress fields in the ceramic are
initially elastic, and the largest tensile stresses are in the radial direction (the Boussinesq
stress field ). Therefore, the cracks that form (normal to the direction of maximum principal
stress) are ring cracks concentric about the impact site. These cracks are shallow cracks.
extending initially only a millimeter or so beneath the ceramic surface. Upon continued
loading. however, several ring cracks continue to grow and. following the paths normal
to the direction of the principal tensile stress, assume angled trajectories 25-75° outward
from the initial normal-to-the-surface direction. Thus. several large Hertzian cone cracks
extend through the coramic block, intersect the specimen surfaces, and cause structural
failure of the target.

Up to this point, the stress lields and the fracture response arc elastic. But as the rod
continues to advance, the compressive strength is exceeded in material directly beneath
the penetrator. Microcracking occurs in a shallow zone near the penetrator tip, and the
stress field ehanges in character. The principal tensile stresses are now in the circumferential
direction, and a new type of tensile crack is invoked —six to twelve large radial cracks run
owtwaurd from the impact site like spokes from a hub [9]. These cracks intersect the impact
surface and may extend to all specimen boundaries, resulting in strength degradation and
eventual structural failure of the target.

A third crack type, lateral cracks. form beneath the im pact surface and propagate roughlv
paralle]l to it, probably during v loading. These cracks intersect cone cracks and radial
cracks, thereby providing the oirthogonal surfaces necessary for fragment formation.
Crateringresults when these large fragments are liberated from the vicinity of the impact site,

The tensile cone, radial, and lateral cracks do not provide an easy path for penetrator
advance and hence do not assist the penetration process directly. Intact and laterally
conlined ceramic remains in the penetrator path despite the presence of these tensile cracks.
and this material must be moved out of the way for the penetrator to advance. This occurs
by pulverization of the ceramic matedal in a shallow zone immediately ahead of the
penetrator and the subsequent flow of this material laterally and oppositc to the impact
direction, processes that occur under large compressive and shear stresses.

Thus, the development of a densely nicrocracked zone in a ceramic directly ahead of
the impactor is a prerequisite for penetration. Insight into how this zone forms can be
gleaned from the observations of Hagan and co-workers [11,12] of damage zones in
soda-lime glass and zinc sulfide produced by quasistatic indentation. These workers
observed a curvilinear grid of narrow, fault-like flow lines beneath indentations. and voids
and microcracks at many of the nodes in the grid. Flow m the polycrystalline ZnS occurrcd
by slip and twinning within the grains and by grain boundary sliding: voids formed when
grain boundary displacements becime large either along the flow lines or at flow line
mtersections.

The linely fragpmented material at the leading edge of the penetrator wants to occupy a
larger volume (.. dilation), but expansion 1s resisted by the confinement of the stecl
encased ceramic block, The resulting increase in pressure makes fragment flow more difficult
and adds 10 the resistance exerted on the penetrator. The tensile cracks may assist
penetration indirectly by reducing the level of constraint on the pulverized material, thereby
allowing easicr flow of the material out and away from the advancing penetrator, but the
main resistance to penetration 15 probably coupled to the flow chuructenisties of highly
comminuted ceramic powder. The crucking pattern in the ceramic target envisioned during
the steady-state phase of the penetration process is depicted in Fig. 9.

As the ceramic particles flow across the leading surfuce of the penetrator, they erode
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1. 9. Cracking pattern in ceramic targets during the sieady-slate phasc of the penetration process.

the rod, shortening and eventually consumming it as the rod moves through the ceramic.
No scoring or erosion of the sides of the penetrator results from particles flowing opposite
the direction of penetration. Fragments of the penetrator fretted from the leading surface

generally have an initial forward velocity component and may travel into open cone and
radial cracks ahead of the tip of the penetrator. Other penetrator fragments mix with and
flow with the ceramic powder, becoming part of the front surfacc cjecta, The eroded
tungsten fragments exhibit greatly elongated grains close to the fragment surfaces, indicative
of heavy localized plastic flow.

CONCLUSIONS

According to this concept of penctration phenomenology, the properties of 4 ceramic
that govern penetration resistance include the compressive strength und hardness, the
pulverization characteristics, the frictional flow characteristics of fine fragments, and
fragment abrasiveness. These properties are consistent with those suggested by Mescall
[13.14].

Initial resistance to penetration is provided by the compressive strength or hardness of
a ceramic. High compressive strength is desirable 10 deform, fracture and deflect an
impacting body. Prujectiles with low aspect rauos can be dcfeated if the strength of the
eeramic exeeeds the strength of the projectile. High aspect ratio projectiles such as long
rods, may suffer heavy deforraation and fracture damage to the proximal end, but the intact
distal portion will continue to advance and penetrate the ceramic. Thus, a high ceramic
eompressive strength can resist penetration only 10 4 certain extent,

The stressesexerted by » long impacting rod will eventually pulverize the ceramic material
in & small zone immediately ahead of the leading surface of the penctrator. As explained
in the following paragraph, production of a pulverized zone is 4 necessary condition for
a penctrator to advance in a confined cerumic target. Thus, resistance to comminution
15 desirable for penctration resistance. Although the specific fracture surface energy for
niost ceramics is small in tension, the energy required to produce a unii of failure surface
arca under large dynamic compressive and shear forces may be significantly greater. Thus,
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the encrgy absorbed in creating th? surtace arza of the powder may be a sigmificant ceranne
property for penetration resistance,

A penetrator can only advance if the matenal in s path is pushed ahead of it or to the
side. Because of heavy rear confinerment, the crushed ceramic cannot he pushed ahead and
out the rear surface in the way that metallic armor plates fail by plugging, And if the
ceramic is nonporous and snugly confined laterally, the pulverized material cannot be
pushed to the side. Indeed, the only rccourse is for the powder to fow opposite the
penetration direction along the cavity being produced by the penetrator. Thus, the
pulverized and dilated ceramic must flow under high pressure. and so the fictional Now
property of the comminuted ceramic should influence penciration resistance. We expect
this property to depend on pressure, strain rate and size and shape of the fragments. and
to be describable by a Mohr-Coulomb type curve. For thuck, highly confined ceramic
blocks, the friction-flow property of ceramic fragments miay be the most important material
property for penctration resistance,

Finally, the ahility of a ceramic to erode a penctrating rod is a desirable property for
penetration resistance. Whereas erosion may be by gross local plasiic flow of 1he leading
rod surface. cerumic fragments that gouge, score, shear or otherwise abrade the rod
matenal may reduce the incommng mass and terminate the penctration earlier than
non-abrasive tarpet materials. Wear and crosion can occur by a number of mechanisms
depending on penetrator and target material, fragment geometry and size. pressure,
temperature, and flow rate, Thus, optimal erosive behavior might be achievable by matching
the abrasive characteristics of o ceramic materal to the threat,

The fractographic observations and the deduced penetration pienomenology reported
here can also be used to identify properties governing the penetration capability of rods.
To be effective as a penetrator, a material should have high density to produce high stresses
in the target, a high yield strength to resist mushrooniing at the leading edge, a ligh work
hardening ratc to suppress the tendency to shear band and fret, a high fracture toughness

to resist the propensity for rod shaft failure, and high abrasion resistance to resist scoring
and crosion by ceramic particles.

In future work, this understanding of penetration phenomenology will be used to develop
tests that measure dynamic shear strength and flow resistance of intact and fragmented
ceramic material under high confining pressure. and to develop computational models of
penetration that can be used to assist in designing ¢eramic armer.
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A MICRCHvieCHANICAL MODEL FOR GRAINULAR MATERIAL AND APPLICATION TO PENETRATION OF
CERAMIC ARMOR

Donald R. CURRAN, Lynn SEAMAN, and Thomas COOPER

SRI Intemational, 333 Ravenswood Avenue, Menlo Park, CA 94025, USA

Ceramics and bririle geologic materials can deforn nonelastically under compression and shear by sliding and ride-up of
fragments, grains, or blocks, with accompanying competition between dilatancy and pore compacnon. This paper

describes a micromechaniczl model of such deformation based on an analogy to the dynamics of atomic dislocanons and
using the slipping processes in a multiple-plane plasticity model. In the analogy, atormnic Jattice slip planes are replaced by

siip on interfaces between blocks, and atoms are replaced by fragments, grains, or blocks. The mode] wreats intact
material, a gradual transition to fragments, and then the behavior of the fragments.

The coefficient of friction between the grains (tan ¢ = 0.11) was determined for aluminum nigide through simulations of a
pressure-shear impact experiment. The calibrated mode! was then used with a finite-element computation of the
penetration of a long tungsten rod into an aluminum pinde target. The calculations successfully exhibited the key features
obscrved experimentally, such as the rubblized zone just ahead of the penetrator and the dilatant rebound of the ceramic
behind the penctrator. The most important microscopic material property governing depth of penctration was found to be
the friction between granules in the rubble ahead of the penerrator.

1. INTRODUCTION

Hard, brittle materials often deform nonelastically by
fracture, fragmentation, and subsequent frictional sliding and
rotation of fragments. ‘The sliding produces additional ride-
up friction and associated dilatancy. The dilatancy is
counteracted by pore compaction under confining pressire.
These processes are especially evident in the eroding
"process zone” or "Mescall zone™ at the nose of a long
metellic rod penetrating a ceramic ammor. Another example
is the "block motion™ in faulted geologic materials exposed
to ground shocks produced by carthquakes or nuclear
weapons. Hard sands also deform by grain sliding or
rolling, ride-up, and compaction.

We developed a micromechanical model for motion of
granular beds and calibrated it by computationally simulating
apressure-shear gas-gun impact. We then used this model
to compute the penetration of a Jong rod into ceramic.

Attempts to develop a micromechanical mode! for such
behavior usually focus on building continuum constitutive
relations that average microscopic fracture or grain
movement processes.!-5 For our model, we described the
mation of lines of voids between the moving objects, as in
atomic dislocation theory. Cur model combines fracture and
slip-induced softening processes, compressive behavior

(including pore compaction), and dilatancy.

2. MODEL DEVELOPMENT

In developing the model, we visualized an aggregate of
blocks or grains that are initially tightly packed, When a
large shear strain is applied to this aggregate, grains may
slide or roll over each other, but as they move, they develop
voids because the material cannot remain tightly packed
during the motion. The slipping can occur only on the
available plancs of the blocks and not on the oricntation» of
maximum shear stress. These considerations led us to s
miodel that is based on the Orowan® equation relating plastic
strain rate to the number, size, and velocity of dislocations.
In our case the plastic strain is the inclastic shearing
deformation associated with sliding (rolling is not treated),
and the dislocations are the blocks or grains. The basic
relation, which is derived elsewhere,? is

P
dyi/dt = (1 - HOR)APSCIT) (I

where ¥, is the plastic sTain on the ith plane, 1; is the shear
stress, L is the tangent of the friction angle, Gy is the normal
stress on the plane, pg is the solid density, C, is the speed of
mansverse (shear) waves, and T = B/(2gf; Cy), a time

constant, B is the block dimension, g is a factor on the order



of 1 relating che active slip system to the shear strain
direction, and f; is the fraction of blocks that have an
adjacent hole large enough 1o atlow slip into it.

Next we note that the porosity (¢) increases in proportion
to the plastic shearing strain (a dilatant process) and
decreases by compaction. We write the dilatancy expression
as

do/dt = a dy fdt + déo/dt @

where df/dt is a compaction rate and a is a dilatancy
coeflicient on the order of 1. To define the compaction
process, we used the compaction curve developed by Carroll
and Holt.? The curve is given by an implicit relation
berween pressure and density. With the formulztion
represented by Eq. (2) and the compaction curve, when we
shear the material at constant volume and cause plastic
shearing strain, the pressure rises in accordance with
Eq. (2). When this pressure reaches the compaction curve,
the pressure ¢eases w rise and the material maintains that
porosity.

Eqs. (1) and (2) are solved with the clastic-plastic
deviator stress relations and a Mie-Grilncisen relation for
pressure to determine the stress state,

The preceding constitutive model for granular flow was
incorporated into a multiple-plane plasticity model for
computational simulations of dynamic loading problems.
The compurational model (termed FRAGBED) has the
following features:

+ Ninc planes on which all slip and fracture occur, as
seen in Figure 1,

¢ The granuler flow and dilatancy processes, porosity
model, and Mie-Gniineisen relation mentioned above.

« Yicld and wensile strengths that are reduced by the
developing fragmentation.

3. CORRELATION OF THE MODEL PREDICTIONS
WITH EXPERIMENTAL DATA
To test end calibrate the FRAGBED mode] for ceramic
material, we made computational sirmulations to represent
several laboratory experiments for AIN. The static tests of
Heard and Cline? and the dynamic tests of Lankford!0 were

FIGURE ]
Initial orientations of the slip planes
in the FRAGBED model.

simulated using the intact properties of the AIN with a
Coulomb yield strength of u = 0.33, density of 3.26 Mg/m?,
bulk modulys of 210 GP4, initial yield of 3.0 GPa, and a
shear modulus of 126 GPa.

A more detaited study was made of the pressure-shear
impact test of Shockey and Klopp.1! The geometry of the
experiment is shown in Figure 2. A laser interferometric
transverse velocity measurement at the rear surface of the
boron carbide anvil was interpreted 1o show & constant
normal stress of 10.9 GPa end a nearly constant Oxy in the
AIN of 1.78 GPa. Scveral one-dimensional wave
propagation simalations (with the FRAGBED mwodecl) were
made of this experiment to obtain appropriste parameters.

Flyer Plate —, Anvil Plate =

f

|
Particle
Velocity
Diagnostics

Projectile Thin Sﬁecimen

FIGURE 2
Conliguration for pressure-shear slamed
impactor expeniment.



Our results indicate that, during the passage of the initial
compressive wave, planes 2, 4, and 5 (all at 45° i the
loading axis, as shown in Figure 1) received sufficiert
shearing strain to eliminate their cobesive strength. The
rencwed loading that occurred during the passage of the
shear wave brought the shear stress on the fifth plane (45°
between X and Z) to yield again, but did not cause slip on
any other plane; hence, this plane controlled the subsequent
yielding and flow. With the cocfficient of friction of
W= Q.11 (a surprisingly low value), the model represented
well the measured motions. The computed normal and shear
stress and the yield strength on the plane are shown in
Figure 3.
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Nermal and shear stress, yield serength, and plastic
deformation on plane § in slanled mpactor test in
aluminum meide.

4. PENETRATION CALCULATIONS

Penetration calculations were performed 1o study the
ceramic behavior near the head of the penetrator. In the test
configuration shown in Figure 4, the wn gsten penetrator has
alength-to-diameter ratio of 10 and impacts at 1.6 kmvs.
One sample of the computed results is shown in Figure 5.
At 80 s the penetrator has been heavily deformed and
near}y stopped. Surrounding the penctrazor is a rubblized
zone, partially fractured zone, and an intact zone. The
contours labeled "fractuning material” indicate the ransition

from intact to fully fragmented. Here it is ¢lear that the
madel is not following individual large cracks (which may
occur in actual penetrations), but represents only & general
rubblizagon of the matetial.
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Tungsten Rod
Irmpacting at 1.6 knvs

(o | | [—

Steel Cover
Flale
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; Geramic -
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FIGURE 4
Geomerry of penerration calculations.

The locations and sizes of these zones correspond well
with nbservations of ceramic targets following penetraton
tests. Behind the penetrator (top of the figure), the
granulated ceramic closes up the hole made by the penetrator
(us observed}. The flume of highly expanded ceramic
powder that rose behind the penetrator is not shown, The
most important microscopic matetial property governing
depth of penetration was found to be the frirtion between
granules in the rubble uhead of the penetrator,
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FIGURE 3
Computational result at 80 us for penetration into AIN,
showing intact, fracturing, and rubble regions.

5. CONCLUSIONS

The micromechanical model describing the processes of
intergranular sliding, dilatancy, and compaction appears to
be appropriate and useful for describing the highly
nonlinear, anisotropic, and history-dependent deformation of
fragmented beds. For the case of long rods penetrating
ceramic armor, the model predicts that the intergranular
fricdon govemns the penetration depth. This result suggests
that experiments such as the pressure-shear impact test of
Shockey and Klopp!! should be used 1o examine candidate
ceramics for armor applications.
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An analysis is presented of the effect of tilt in the high-strain-rate pressure-shear plate impact
experiment. Normal and shear tractions and the velocity difference across the specimen are
obtained from frec-surface particle velocity, tilt angle, closure direction, and impact velocity
data. The effect of tilt in high-strain-rate pressure-shear plate impact is shown ta be sinall
unless the velocity difference across the specimen is itself small.

The effect of tilt in expenments involving either normal
impact or pressure-shear impact of two parallel plates has
been analyzed.'* No results have been presented however,
on the effect of tilt in the high-strain-rate pressure-shear
plate impact experiment, shown in Fig. 1," in which a thin-
specimen plate is compressed and sheared between hard,
clastic fiyer and target plates, and the stress and stratn rate in
the specimen are inferred from particle velocity measure-
ments at the back of the target. Because of the tilt, the waves
generated are inclined with respect to the plate surfaces. In
this communication, an analysis is presented of the eflect of
the inclination of these waves on the calculation of stress,
strain, and strain rate in the specimen.

Figure 2{a) shows the pattern of waves generated dur-
ingtilted impact. Thespecimen isidealized as a shiding inter-
face of zero thickness. The flyer and target arc taken 1o be
linear elastic. The x, direction is normal to the impact plane,
and the x, direction is in the direction of closure. The angle
from the x, directiou to the shearing direction is denoted by
€ [Fig. 2(b}). With an assumed supersonic closure, a nor-
mal (p) waveis generated in the target at angle , and two
shear (s0,54) waves as geperated at angle 4b,. For small an-
gles, ¥, =ac,/u,, where a 1s the tilt angle, ¢, is the wave
speed, and w, is the component of impact velocity normal to
the plates. For a typical pressure-shear experiment,
=107 rad, u, = 200 m/s, and ¢, = 6000 m/s, and so
¥ =30% 107 rad = 1.7°,

In the interpretation of the expeniments, the measured
normal and transverse particle velocitics in region 9 are re-
latedto the stresses and particle velocities in regions 3 and 4.
Let p** be the unit polarization vector of the wave traveling
intoregion:from regiony. Let [#]"’ designate the jumpin u
fromregions rioj: [u]" = u' — . The usual subseripts des-
ignate vectorand tensor components. The particle velocity is
v and the stress is @, The jump in particle velocity across a
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wave front can be expressed as follows:
[vI"/ = |[e]/lp" = 4 -p, (1)

where 4 */ are amplitudes to be determined. For isotropic
materials, the polarization vectors are normal to the wave
front for p waves propagating at speed ¢, and parallel to the
wave front for sv and s waves propagating at speed ¢.. Fora
wave propagating in the direction n in the x,-x, plane at a
counterclockwise angle & from the positive x, axis, the three
polarizations arc

cos & —sin @ - 0
pPr=isin@;, pT=1 cosé p, p'=10}, (2)
0 0 |

for the p wave, the sv wave, and the sk wave, respectively.
The respective polarization vectors for the siresses are
given by
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FIG. 1. Schemate of 1he high-strain-rate pressuressheur plate impact exper-
ment.
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FIG. 2 Schematic of tilted impact of inclined plates. (a) Wave pallern gen-
erated. (b) Orientation of closure direction relative to shearmng ditection.
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0
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[ — sin 26 0 )
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o 0 sh O
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0 cos &
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where [s,,...,5]7 corresponds to {7,,,0:2.033:0 1,7 5,712] T
pis the flyer and target density, and = ¢,/¢,.

The stress and particle velocity in the various regions in
Fig. 2(a) can be expressed as the sum of jumps across succes-
sive wave fronts. Thus

VJ =v.l +Apl.1ppl.2 +A :uz.spmz..\ +A:h2.Jpsh2.}’

(4)
‘,4 - Vb + Apﬁ.spp(:.s +A mi.-ipmi.‘ +A 3h 5.4psh 5.4I

The surface tractions on the two sides of the specimen are
given by similar relations, with ¢,,,7,, and o, ; replacing v,
vy, and vy and s, 5., and 5, replacing p,, p;, and p;, respective-
ly.

Tractions are expected to be continuous across the
boundary between regions 3 and 4 once sufficient wave re-
flections have occurred to establish a homogeneous stress
state in the specimen. The flyer and target are initially stress
free and the targst is at rest. Thus

API':S“;:': +A wZ.J.T:le.} +A AHZ.J‘:;IIZ.J - Ape.ss,:lm.s

— A IU5-45{"5.4 —4 th 5.4j.:lh sS4 0
API.ZSJ;I.Z +A suZ.Js;uZ.J q A JHZ.JS‘S’hZ.} ____Apo.Syzh.ﬁ

_A mi.“s,;us.it _ A shi.ds.;h 54 — 0 (5)
Apl.)sgll.l +A WZ.JJ.;HZ.J +A shZ.JS;hZ.!_ Apb.is.go.S

-4 sui.‘s.;us,i —A sk 5.4j.l;r 5.4 — 0.

The normal velocity and the transverse velocity perpendicu-
lar to the shearing direction are expected to be continuous
across the specimen. Thus

Apl.Zp}lﬂ.2+Alu!.Jplul.}+A‘k2.3pih2.3
- Apﬁ.Sp;ln.S . A ms.ipsl'v.':.‘ —_ A sh S.‘Pllhi.i
= Ut]] = 0: (6)

AT (pE  cos L — P sin 1) 4+ A 2 (prh? cos QL — pPP Y sin Q) + A2 (pY cos (1 - pY +P sin 1)

— AP (2% cos L — P sin 1) — A4 3 (pi> cos ) — p

—u5 cos Q1+ 0] sin 2 =0.

Y*4sin ) — A4 " (pY** cos L — pY > sin 1)

(N

The velocity in the shearing direction is expected to have a jump across the specimen of yh, where ¥ is the shearing rate to be

determined and 4 is the specimen thickness. Thus

Apl.Z(p;ZJI.! sin !1 +p§l.2 cos Q) +A suI.)(p;vZ.s Si!'l “. +p‘l“)2..| cos !“ + A mz.J(p;hz.s Si!'l ﬂ, +p3h2.)cos .(I)
— AP (P27 sin ) + PP cos ) — A HpY>  sin Q4+ pYP 4 cos 1) — A M (pdt  sin Q + pi 34 cos £2)

— 5 sin £ — ¢§ cos §Y = ph

(8

Equations (5)—(8) relating tractions and particie velocities on the two sides of the specimen provide six equations for relating
the six unknown amplitudes 4 7%, A @} 423 473 454 and 4 "*4, and the unknown velocity jump yh.
A seventh eguation is obtained by relating the wave amplitudes to the free-surface velocity measured in region 9
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Vomy! e AP | g RIGED | g RRINRDS | g PLERRLY | g sIpnRT | gtk BIpAET | g p110paILI0
e A wlO.‘lpluIO.‘) + A 1h I0.9p:h ID.Q. (9)

Equation (9 ) contains six additional amplitudes, A 728, 4 #5874 87 g pll10 4 w103 354 4 %195 which can be eliminated by
considening diffraction at the target free surface.* Diffraction of the 1,2 p wave from the target free surface provides three
relationsfor theamplitudes A #2%, 4 *%7 4 &7 and 4 #'% Similarly, diffraction of the 2,3 svand sh waves from the rear surface
provides three relations for the amplitudes A4 #'1, 47107, 4109 4 =23 and 433 For a=sina, application of these

relations to Eq. (9) gives

AP sin Q4 p5'? cos @ — pf® sin @ — p3*® cos Q — 4y, (pi™ sin Q + p7*7 cos ) ]
+A 52,3 [p;uz.l Siﬂ n +pslu2.3 cos ﬂ, + 4,qw2(pgll.lo sin Q +p€ll.I0 cos ﬂ,) _plz'ulﬂ.'! sin n _p;ulo.‘) cas a]

+ A% P sin Q + pP 2 cos @ + py "% sin Q + pY 1% cos Q] =] sin Q + 0] cos ,

wherev; sin Q + 5 cos §is the measured transverse veloc-
ity. FromEqgs. (5)-(8) and {10}, 4 and the unknown am-
ptitudescan be obtained from the measured velocity compo-
nentsinrcgion 9 and the projectile velocity of region 6. The
tractions on the specimen can then be evaluated from rcla-
tions analogous to those of Egs. (4).

Asan illustration of the above analysis, consider an ex-
amplein whichan AIN specimen (thickness A = 0.577 mm)
is impacted between B,C flyer and target plates (g = 2.51 g/
em’, ¢, = 13.8 mm/us, ¢; = 8.5 mm/us) at a skew angle of
8 = 20" The impact velocity is ¥, = 672 m/s, and the tilt is
a = 4 mrad. Closure occurs nominally in the shearing direc-
tion, with 3 =97°. Thc averagc target frec-surface trans-
verse velocity is 167 m/s. From these data, the wave ampli-
tudes and $% can be obtained from Eqs. (5)-(8) and {10),
resuliing ’n a shearing rate of 1.13x 10° s~'. From the am-
plitudes, one calculates a specimen normal stress of

— 10.938 GPa and a specimen shear stress of 1.776 GPa. if
no tilt correction is made,’ then one obtains a normal stress
of — 10945 GPa, ashearstressof 1.781 GPa, and ashearing
rate of 1.09 x 10°s~'. The maximum error of approximately
3.5% isin the shearing rate.

The magnitude of the error depends on 1. If (1 is 0° so
that the shearing is normal to the closure direction, the mo-
tion used to derive the shear stress and shearing rate is car-
ried by sh waves uncoupled from the p waves. Thus a tilted
normal wave has little effect on the shear stress and shearing
rate. When (1 is near 4 90°, most of the motion used to
derive the shear stress and shearing rate is carried by sv
waves - mled tothe p waves by diffraction. In this case, the
errori. all smallbut is larger than in the {2 = 0° case. If one
sets {} = (° in the example, then one obtains a shear stress of
1.779 GPa from which the uncorrected value of 1.781 GPa
differs by only 0.1%, and the corrected and uncorrected
shearing rates are identical.

Theerrors are small, even in large-tilt case considered in
the example, because the excess x, component of the free-
surface velocity is the same as the excess x, compotent of the
flyer velocity thatis approximately the x, component of flyer
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(10)

velocity ¢} multiplied by the tilt angle. The contribution of
av’ tothe free-surface transverse velocity is usually small. In
cases in which the shearing rate is low, however, contribu-
tions of av] to the free-surface transverse velocity
U, = U; sin £ + v cos § can lead ta large relative errors in
the shearing rate. This effect can be made evident by consid-
ering the fractional derivative of the equation for the shear-
ing rate which, for @ = (), becomes

a4y _ 4

}.’ Ug — Uge
where y; = 5 sin Q + o§ cos (2. If the v, — v, is small, dj/
4 could be large.

The tilt error in high-strain-rate pressure-shear plate
impact has been shown to be small except when the shearing
rate is low, The above example shows that the excess target
free-surface transverse motion induced by the tilt is very
small. Because the transverse momentum resulting from fly-
er tilt is very small, the small effect of the tilt on the trans-
verse motion of the target free surface is not uneapected.
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